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This thesis depicts research efforts aimed at developing novel biosensors based on 
oligonucleotide, small molecules or enzymes functionalized metal nanoparticles, for 
ultra-sensitive and selective detection of metal ions, DNA, small organic molecules and 
enzymes. In chapter 2, a useful sensor system consisted of EcoRI-modified gold 
nanoparticle and DNA sticky end pairing is clarified for colorimetric detection of 
magnesium ions (Mg
2+
) and its extended application for pyrophosphate ions (PPi) 
determination in aqueous solution. This sensor system can easily detect magnesium ions 
and pyrophosphate ions in the presence of excessive other cations and anions respectively. 
Compared with instrument-based identification methods, this instrument-free assay 
possesses advantages of rapid screening and recycles use. In chapter 3, a chip-based 
platform using oligonucleotide-modified gold nanoparticles and silver amplification, for 
fast determination the effectivity of sunscreen against UV light is investigated. This 
platform could offer the ability to quickly distinguish the effectivity of various 
commercial sunscreens under the irradiation of UV light. In chapter 4, a real-time 
colorimetric method, based on mercaptoundecanoic acid (MUA)-modified nanoparticles, 
cupric ion and the enzyme’s natural substrate PPi, to detect the activity of alkaline 
phosphatase is presented. The particle system shows high selectivity and excellent 
stability, which should enable a broad spectrum of potential applications in the 
monitoring and detection for pyrophosphate ions and phosphatase in complex settings. In 
chapter 5, on the basis of upconverted luminescence resonance energy transfer, a 
platform for fast screening of cobalt ions in the presence of ethylenediamine in aqueous 
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solutions using acid-capped upconversion nanoparticles is developed. This new optical 
detection approach would provide an opportunity for simultaneous sensing of multiplex 
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Chapter 1: Introduction 
Nanobiotechnology is a term that refers to the intersection of nanotechnology and 
biology. Especially, it refers to the ways that nanotechnology is used to create devices to 
study biological systems.[1-4]
 
For example, many new medical technologies involving 
nanoparticles as delivery systems or as sensors, requiring using nanotechnology to 
advance the goals of biology. Nowadays, this recently emerged subject is having 
significant influences in the biological research. It provides new insight into basic 
physiology, cell biology and diagnosing diseases,[5-6]
 
leads to the elucidation of 
underlying molecular mechanisms of disease and thereby facilitates the design in many 
cases of rational diagnostics and therapeutics targeted at those mechanisms.[7]
  
Applications of nanobiotechnology are extremely widespread. Among these applications, 
the utilization of the inherent properties of nucleic acids like DNA to create useful 
materials or experimental tools is a promising area of modern research. 
Nanosensors are any biological, chemical, or surgical sensory points used to convey 
information about nanoparticles (NP) to the macroscopic world.[8-10]
 
A biosensor is an 
analytical device for the detection of an analyte that combines a biological component 
with a physicochemical detector component. It usually consists of three parts, a 
recognition biological element (cell receptors, enzymes, antibodies, nucleic acids, etc.) 
that can be created by biological engineering, a detector element (works in a 
physicochemical way; optical, piezoelectric, electrochemical, etc.) that transforms the 
signal resulting from the interaction of the analyte with the biological element into another 
signal (i.e., transducers) that can be more easily measured and quantified, and associated 




in a user-friendly way.[11] As for NP-based sensors, they are usually comprised of two 
key components, a recognition element (or a probe) and a NP signal transducer.  
Normally small molecules or nucleic acids are used as recognition elements (probes) and 
nanoparticles are used as transducers. DNAs, proteins, small molecules and metal ions 
are common targets for NP -based sensors (Figure 1.1). In this thesis, we focus on novel 
biosensors using small molecules or DNA as probes and gold nanoparticles (GNP) or 
Lanthanide (Ln)-doped nanoparticles as transducers. By virtue of enzyme reaction or 
chemical reaction, these biosensors are exploited to unfold a great deal of information 
about the genetic structures, and to detect small molecules, metal ions and enzymes with 
high sensitivity, selectivity and practicality.  
 In the following sections of this introduction, the two elements in biosensors, 
nucleic acid probes and nanoparticle transducers, will be introduced first. Investigation of 
the fabrication and detection mechanism of NP-based sensors will be described 
afterwards. In addition, some basic principles of enzymes in molecular biology will be 
depicted as well. Last but not the least, the state of the art in NP-based sensors and the 
corresponding applications in the exploration of DNAs, proteins, small molecules, metal 
ions as well as cells will be presented respectively.  
 
1.1 Nucleic acid probes 
Nucleic acid probes are nucleic acid fragments, usually short single-stranded DNA 
(ssDNA, 8-70 bases in length) sequences with the pre-defined sequence arrangement, 
unlabelled or labelled with a molecular marker of either radioactive or fluorescent 
molecules; commonly used markers are 
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incorporated into the phosphodiester bond in the probe DNA) or digoxigenin, which is 
non-radioactive antibody-based marker. They are complementary to sequences in other 
nucleic acids (fragments) and that will, by hydrogen binding to the latter, locate or 
identify them and be detected; a diagnostic technique based on the fact that every species 
of microbe possesses some unique nucleic acid sequences which differentiate them from 
all others, and thus can be used as identifying markers or "fingerprints." Generally, the 
probes are designed to hybridize with complementary single-stranded DNA (ssDNA) 
sequences or to interact with proteins and small-molecules for assay applications. The 
probe-target hybridizations and interaction events can make some kind of change to the 
interfacial chemical/physical properties of biosensors, which can be converted into 
measurable analytical signals via transducers afterwards. In this section, the fundamental 
properties of nucleic acid structures and the nucleic acid thermodynamics will be 
described first, followed by a brief introduction of DNA damage. It is the particular 
structure and properties that nucleic acids can be used as ideal materials for the 
development of ultra-sensitive and selective biosensors.  
 
1.1.1 Structure of nucleic acids 
Nucleic acids are biological molecules essential for life, including DNA 
(deoxyribonucleic acid) and RNA (ribonucleic acid). Together with proteins, nucleic 
acids make up the most important macromolecules; each is found in abundance in all 
living things, where they function in encoding, transmitting and expressing genetic 
information. The essential difference between DNA and RNA is the type of ribose sugar 




2’-deoxy-D-ribose, where the 2’ hydroxyl group of ribose has been replaced by a 
hydrogen atom. This subtle difference results in significant different chemical and 
physical properties between DNA and RNA. DNA is more flexible and stable in alkaline 
conditions than RNA, contributing the main reason for DNA as the major genetic 
materials, and used in most genetic sensors. DNA is a long double helix polymer 
consisting of repeating units called nucleotides, or polynucleotides, with backbones made 
of sugars and phosphate groups joined by ester bonds.[12-14] The sugar residues are 
covalently joined by 5’→3’ phosphodiester bonds, forming a polarized but invariant 
backbone with projecting bases. Attached to each sugar is one of four types of molecules 
called nucleobases, which are adenine (abbreviated A), cytosine (C), guanine (G) and 
thymine (T). The genetic information is determined by the combination of the four bases. 
As first discovered by James D. Watson and Francis Crick, the structure of DNA of all 
species comprises two helical chains each coiled round the same axis, and each with a 
pitch of about 34 Ångströms (3.4 nanometres) and a radius of 10 Ångströms 
(1.0 nanometre).[15] According to another study, when measured in a particular solution, 
the DNA chain is measured 22 to 26 Ångströms wide (2.2 to 2.6 nanometres), and one 
nucleotide unit is measured 3.3 Å (0.33 nm) long (Figure 1.2).[16] 
Oligonucleotides are short nucleic acid polymers, typically with fifty or fewer bases. 
They can be formed by bond cleavage of longer segments, and such naturally occurred 
oligonucleotides are used as primers during DNA replication and for various other 
undefined purposes in the cell.[17] But they are now more commonly synthesized, in a 
sequence-specific manner, from individual nucleoside phosphoramidites. Automated 










kinds of chemically synthesized oligonucleotides are very useful in many laboratory 
techniques, including DNA sequencing, polymerase chain reaction, nucleic acid probe, 
nucleic acid hybridization, and gene therapy. 
 
1.1.2 Nucleic acid thermodynamics 
Nucleic acid thermodynamics is the study of the thermodynamics of nucleic acid 
molecules, or how temperature affects nucleic acid structure. Here the concepts of 
melting temperature, hybridization, denaturing and annealing will be introduced. In 
molecular biology and genetics, two nucleotides on opposite complementary DNA or 
RNA strands that are connected via hydrogen bonds are called a base pair. Nucleotides in 
RNA contain the bases adenine and guanine (both purines), and cytosine and uracil (both 
pyrimidines). Nucleotides in DNA contain the bases adenine, guanine, cytosine and 
thymine (also a pyrimidine). As we mentioned above, DNA is double-stranded, and the 
two strands of DNA are held together by hydrogen bonds between the nitrogenous bases 
of complementary nucleotides. The complementary relationships between the nucleotides 
are as follows: adenine pairs with thymine (A-T base pair), and cytosine pairs with 
guanine (C-G base pair). The A-T base pair has two hydrogen bonds, and the G-C base 
pair has three. The structure of most double-stranded DNA is a right-handed double 
helix. 
For multiple copies of DNA molecules, the melting temperature (Tm) is defined as 
the temperature at which half of the DNA strands are in the double-helical state and half 
are in the random coil states.[18] The melting temperature depends on both the length of 




Hybridization means the process of establishing a non-covalent, sequence-specific 
interaction between two or more complementary strands of nucleic acids into a single 
hybrid, which in the case of two strands is referred to as a duplex. Oligonucleotides, 
DNA, or RNA will bind to their complement under normal conditions, so two perfectly 
complementary strands will bind to each other readily. DNA denaturation, also called 
DNA melting, is the process by which double-stranded deoxyribonucleic acid unwinds 
and separates into single-stranded strands through the breaking of hydrogen bonding 
between the bases. The process of DNA denaturation can be used to analyze some 
aspects of DNA. Because cytosine/guanine base-pairing is generally stronger than 
adenosine/thymine base-pairing, the amount of cytosine and guanine in a genome (called 
the "GC content") can be estimated by measuring the temperature at which the genomic 
DNA melts.[19] Higher temperatures are associated with high GC content. Annealing, in 
genetics, means for DNA or RNA to pair by hydrogen bonds to a complementary 
sequence, forming a double-stranded polynucleotide. This term is often used to describe 
the binding of a DNA probe or a primer to aonter DNA strand during a polymerase chain 
reaction (PCR). 
The properties of melting temperature, hybridization of a double-stranded DNA 
(dsDNA) are affected by several significant physical or chemical features, such as 
temperature, sequence length, base composition, ionic strength, pH value and so forth. 
For example, most hybridization reactions are performed at a pH between 6.8 and 7.4.  
Neither high nor low pH value is suitable for duplex DNAs except some special 
conditions.[20] Furthermore, the total percentage of G:C pairs in a dsDNA sequence also 




stability. It is because that each G:C base pair has three hydrogen bonds to hold together 
while A:T pair only has two.[21-22] In addition, the high ionic strength can stabilize 
dsDNA due to the electrostatic repulsion effect for the negative charged phosphate 
groups in the backbone.[23] 
 
1.1.3 DNA damage 
DNA damage occurs at a rate of 1,000 to 1,000,000 molecular lesions per cell per 
day, due to the normal metabolic process or exposed to substances such as radiation, 
plastics, cigarette smoke, chemicals in soft drinks, pesticides and so on that have been 
found to damage our DNA. The majority of DNA damage affects the primary structure of 
the double helix; that is, the bases are chemically modified. By introducing non-native 
chemical bonds or bulky adducts, these modifications can disrupt the DNA's regular 
helical. The DNA damage can be subdivided into two main types: endogenous damage 
and exogenous damage. Endogenous damage refers to the attack by reactive oxygen 
species produced from normal metabolic byproducts. For example, single strand break 
(SSB) and double strand break (DSB) of DNA occur by highly reactive oxidants 
generated via the Fenton reaction of H2O2 with reduced transition metals.[24] 
                Fe
2+
 + H2O2 + H
+
 —> Fe2+ + •OH + H2O  
Exogenous damage is caused by external agents such as ultraviolet radiation, hydrolysis 
or thermal disruption, human-made mutagenic chemicals, cancer chemotherapy and 
radiotherapy. For example, direct DNA damage can take place when DNA directly 
absorbs the UV-B photon. It results into thymine dimmers formed by thymine base pairs 




reproductive enzymes and trigger the production of melanin (Figure 1.3).[25-26] 
 
1.2 NP transducers 
In nanotechnology, particles are defined as the particles that behave as whole units in 
the light of their transport and properties. Particles are further classified according to size: 
in terms of diameter, coarse particles cover a range between 2,500 and 10,000 
nanometers. Fine particles are sized between 100 and 2,500 nanometers. Ultrafine 
particles, also called nanoparticles, are sized between 1 and 100 nanometers. 
Nanoparticles are raising great scientific interest as they are effectively a bridge between 
bulk materials and molecular structures. Bulk materials should have constant physical 
properties regardless of its size, however, at the nanoscale size, some unique, 
size-dependent properties are often obtained. That is to say, the properties of materials 
change as their size approaches the nanoscale and as the percentage of atoms at the 
surface of a material becomes significant. Therefore, the interesting and sometimes 
unexpected properties of nanoparticles are mainly due to the large surface area of the 
material, which dominates the contributions made by the small bulk of the material. 
Novel synthetic strategies have created numerous types of new nanoscopic materials and 
fueled a significant amount of fundamental researches on exploring the optical, magnetic, 
and electronic properties of new nanomaterials. 
One of the widespread applications of nanoparticles is utilized as transducers in 
biosensors.  In this section, the typical properties of nanoparticles and why nanoparticles 
can be used as promising tools for biological sensors (1.2.1) will be introduced firstly, and 





Figure 1.3 Direct DNA damage: The UV-photon is directly absorbed by the DNA (left). 
One of the possible reactions from the excited state is the formation of a thymine-thymine 





luminescence of lanthanide-doped nanoparticle (1.2.3)) will be discussed.  
 
1.2.1 Typical properties of nanoparticles 
Nowadays nanoparticles have gained much attention because of their specific 
properties, which are beyond traditional bulk materials due to their quantum confinement 
effect, finite size effect, surface effect and macroscopic quantum tunneling effect.[27]  
For example, nanoparticles often possess unexpected optical properties as they are small 
enough to confine their electrons and produce quantum effects. Like gold nanoparticles, 
color change from deep red to black can be observed in solution. And they melt at much 
lower temperature (~300 °C for 2.5 nm size) than the gold slabs (1064 °C).[28] And 
absorption of solar radiation in photovoltaic cells is much higher in materials composed 
of nanoparticles than it is in thin films of continuous sheets of material. That is to say, the 
smaller the particles, the greater the solar absorption.  
Small size with narrow distribution, large surface-to-volume ratio, chemically 
tailorable physical properties and unusual target binding properties are important factors 
that making nanoparticles as attractive probe candidates for bio-detection. Firstly, small 
size (1-100 nm) and correspondingly large surface-to-volume ratio can be an advantage 
over a bulk structure, providing specific physical and chemical properties. Additionally, 
the defined surface chemistry is the basis of the surface modification and engineering that 
generate new types of bioconjugation and cellular labeling agents.[29] Secondly, 
tailorable physical properties of nanoparticles which directly relate to size are very 
crucial for their applications in bio-detection as well. The optical, magnetic, and 




and composition of nanoparticles in novel synthetic strategies, making these 
nanomaterials ideal for multiplexed analyte detection.[30-34] For example, 
semiconductor quantum dots with tunable, narrow emission spectra and high 
photostability, have been used for immunofluorescent imaging of breast cancer cells and 
single nucleotide polymorphism analysis.[35] Gold nanoparticles of the size less than 5 
nm appear dark in transmission electron images due to high Au density, and bright in 
scanning electron microscopy images due to backscatter coefficient. These properties 
have made colloidal gold a popular staining agents in biological electron microscopy.[36]  
Superparamagnetic nanoparticles such as iron oxide particles (Fe3O4 or γ-Fe2O3) hold 
potential in separation and biomolecular assay applications.[37] Thirdly, the advanced 
tools and techniques allow generation of nanoscale arrays of biomolecules and small 
molecules on the surfaces of nanoparticles, giving them unusual target binding 
properties.[38-45] The surface coating of nanoparticles is crucial to determining their 
properties. In particular, the surface coating can regulate stability, solubility and 
targeting.  
Due to the joint effort made by interdisciplinary teams of chemists, materials 
scientists, geneticists, and engineers, a growing number of new and significative 
applications based on new nanoscopic particles have been springing up like mushrooms 
recently. 
 
1.2.2 Gold nanoparticle and surface plasmon resonance 
The optical properties of noble metals are mostly ascribed by the presence of surface 




when light is reflected off thin metal films. When a light wave is incident on the metal, 
the photons cause the collective oscillation of the free electron gas, i. e. plasma. A 
quantum of the plasma oscillation is known as a plasmon.[46] 
   (    
  ⁄ )    
Where N is the density of electrons, e is the electronic charge and m is the mass of an 
electron.  
Localized surface plasmon resonances (LSPR) refer to the excitation of surface 
plasmons by light for nanometer-sized metallic structures. They exhibit enhanced 
near-field amplitude at the resonance wavelength. This field is highly localized at the 
nanoparticle and decays rapidly away from the nanoparticle/dielectric interface into the 
dielectric background, though far-field scattering by the particle is also enhanced by the 
resonance. When the frequency of incident light equals to plasmon frequency, the incident 
photons are resonant absorbed, leading to an absorption band in the UV/Visible spectrum.  
Gold nanoparticles with different sizes in aqueous solutions present different colors.  
This phenomenon is attributed to localized surface plasmon resonance (LSPR) that caused 
by the coherent oscillation of electrons on the surface of gold nanoparticles (Figure 
1.4a).[47]  For example, gold nanoparticle ~13 nm in diameter appears red in solution, 
and has a very strong maximum absorption band (surface plasmon band) around 520 nm.  
Several explanations have been made for the optical properties like extinction and 
scattering of gold nanoparticles accounting for the surface electrons oscillation.[48-49] 
Here is the most acceptable modes by the groundbreaking work of Mie in 1908.[50] In 
Mie’s mode, the electrodynamics calculations gave a series of multipole oscillations 




a function of the particle radius with the appropriate boundary conditions for spherical 
nanoparticles. Thus, for small gold nanoparticles (<20nm), surface electrons are 
oscillated in a dipole mode, and only the dipole oscillation contributes significantly to the 
extinction. For larger gold nanoparticles or gold nanoparticles aggregates (generally 
considered as a single large particle), light cannot polarize them homogeneously and 
retardation effects lead to the excitation of higher-order modes[51] which become more 
dominant, causing the bandwidth increases while the plasmon absorption band to redshift,  
accompanying a color change from red to purple (Figure 1.4b). This unique property 
based on the aggregation of small gold nanoparticles can be utilized as a reliable system 
for sensitive and predictable colorimetric detection, making gold nanoparticles as 
excellent signal transducers. 
 
1.2.3 Lanthanide-doped upconversion nanoparticles and multicolor tuning 
Due to the drawbacks of the Stokes-shifting dyes and quantum dots in biological 
applications such as photobleaching, blinking, photochemical degradation and toxicity, in 
recent years, Ln-doped upconversion (UC) nanoparticles have been developed as a new 
class of luminescent optical labels and have become promising alternatives. These 
nanoparticles exhibit anti-Stokes emission upon low levels of irradiation in the 
nearinfrared (NIR) spectral region, and show a sharp emission bandwidth, long lifetime, 
tunable emission, high photostability, and low cytotoxicity.[52-53] Such techniques show 
potential for improving the selectivity and sensitivity of conventional methods. They also 
pave the way for high throughput screening and miniaturization. Therefore, Ln-doped UC 






Figure 1.4 a) Scheme for localized surface plasmon resonance of gold nanoparticles. b) 





In Wang and Liu’s review work,[54] they note that UC nanoparticles generally 
comprise an inorganic host and lanthanide dopant ions embedded in the host lattice 
(Figure 1.5a). The selection of these dopants is due to their equally spaced energy levels 
that facilitate photon absorption and energy transfer steps involved in UC processes. To 
enhance UC efficiency, Yb
3+
 with a larger absorption crosssection in the NIR spectral 
region is frequently doped as a sensitizer in combination with the activators. UC 
processes primarily rely on the ladder-like arrangement of energy levels of lanthanide 
dopant ions (Figure 1.5b). Excited energies of the dopant ions may be absorbed by the 
host materials through lattice vibrations.[55-56] Variation of the crystal structure in the 
host materials also alters the crystal field around the dopant ions, resulting in different 
optical properties of the nanoparticles.[57-59] 
The absorption and emission spectra of lanthanide ions primarily arise from 
intra-configurational 4f
n





 sub-shells, the 4f electrons hardly experience interactions with the host lattice. The 
absorption and emission spectra of lanthanide-doped nanoparticles therefore show sharp 
lines (10-20 nm full width at half maximum) and resemble the spectra of free ions. One 
drawback of the narrow absorption profile is that it imposes certain constraints on the 
selection of the excitation source. Fortunately, commercially available InGaAs diode 
laser systems operate at a wavelength of ca. 980 nm that well matches the absorption of 
Yb
3+
, providing an ideal excitation source for UC nanoparticles. Lanthanide (Ln) ions 
exhibit unique luminescent properties, including the ability to convert near infrared 
long-wavelength excitation radiation into shorter visible wavelengths through a process 





Figure 1.5 Structure and optical properties of Ln-doped UC nanoparticles. (a) Schematic 
illustration of UC nanoparticles composed of a crystalline host and lanthanide dopant 
ions embedded in the host lattice. (b) Schematic energy level diagram showing that UC 
luminescence primarily originates from electron transitions between energy levels of 
localized dopant ions. (c) Typical emission spectra showing multiple narrow and 
well-separated emissions produced by cubic NaYF4:Yb/Tm (20/0.2 mol%) and NaYF4: 
Yb/Er (18/2 mol%) nanoparticles. (d) UC multicolor fine-tuning through the use of 
lanthanide-doped NaYF4 nanoparticles with varied dopant ratios. Note that the emission 
spectra and colors are associated with the host composition, particle size, and particle 
surface properties. (Reprinted with permission from ref. 54. Copyright 2010, Royal 
Society of Chemistry. Emission spectra and luminescent photos are reprinted with 





for accurate interpretation of the emission spectra in the event of overlapping emission 
spectra (Figure 1.5c). The emission peak wavelength of UC nanoparticles is essentially 
independent of the chemical composition or physical dimension of the host materials. 
Their emission colors are usually manipulated by control of either the emission 
wavelength or relative emission intensities through control of host/dopant combinations 
and dopant concentrations (Figure 1.5d).[55-56, 60-66] 
 
1.3 Integration of Probes and Nanoparticle Transducers 
Oligonucleotides and nanoparticles have been considered as a desirable biological 
probe and a transducer respectively, because their unique properties can be beneficial to 
biological applications. However, the integration of both materials into a real biosensor 
still remains big challenges. For example, some synthesized upconversion nanoparticles 
are not biocompatible due to lack of functional groups on surface. Fortunately, this 
problem can be solved via suitable surface modification. By the attachment of pendant 
functional groups on the surface of nanoparticles, they can be rendered biocompatible. 
Generally, the attachment of a probe onto the surface of NP can be divided into two 
steps: firstly, the nanoparticle surfaces are modified by the functional groups or coated 
with suitable shells, which either alter the properties of the nanoparticles or make them 
suitable for attachment of probes. Subsequently, a receptor is immobilized to the 
nanoparticles through chemical reactions between probes and functional groups on the 
surface of nanoparticles.  
In this section, we focus on the conjugation of nanoparticles with probes such as 




which are frequently used, including (1.3.1) chemical binding, (1.3.2) affinity, (1.3.3) 
adsorption. 
 
1.3.1 Chemical binding 
Immobilizations of ssDNA and organic molecules which are end-modified with thiol 
or disulfide group onto the surface of gold nanoparticle through chemical binding by 
formation of a gold-sulfur bond is the most widely used method.[67-69] The ssDNA 
functionalized with a thiol (S-H) group at the 3' or 5' end can self assemble onto the 
surface of citrate stabilized gold nanoparticles. Because the strong bonds (~ 44 kcal/mol) 
in the formation of metal thiolate between the gold surface and the sulfur head group, this 
attachment is highly stable for DNA-gold conjugates which are suitable for DNA-based 
sensors. This method is considered as a general approach for the fabrication of 
DNA/GNP conjugates attribute to its simplicity and high efficiency. An alternative 
approach of chemical binding for the production of ssDNA-NP or organic molecule 
modified GNP is conjugating ssDNA or organic molecules that pre-modified with a 
reactive group onto the surface of nanoparticles that are previously functionalized with an 
activated group. The most common coupling method used in this system is the activation 
of a carboxylic acid with carbodiimide 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide 
(EDC) and N-hydroxysulfosuccinimide (NHS) for reaction with an amine group.[70-71] 
Usually the carboxylic group is attached to the surface layer of nanoparticles. The 







Affinity is another special method of immobilizing receptors such as ssDNA on the 
surface of nanoparticles. Generally, the biotin-streptavidin affinity approach is the most 
way used.[72-73] Typically, ssDNA is labeled by biotin, while the nanoparticles are 
attached with streptavidin. Due to the tetramer binding formed between biotin and 
streptavidin, a considerable affinity bond comes into being. However, due to the presence 
of the large protein layer (streptavidin) on the surface of nanoparticles, it may result in 
non-specific binding. This would be a big limitation for method. 
 
1.3.3 Adsorption 
Direct adsorption of receptors onto the surface of gold nanoparticle is another 
interesting method.[74-76] It is a commendable and promising technology, due to its 
simple modification. For example, the negatively charged backbone of ssDNA can easily 
bind to the surface of gold nanoparticles which modified with cationic ligands. This 
approach depends on the self assembly of ssDNA and gold nanoparticles using 
complementary electrostatic interaction to achieve high affinity binding. This technology 
does not require any terminal group functionalization of ssDNA or any other reagents. 
However, there are some drawbacks such as poor hybridization efficiency and instability 
of ssDNA layers on the surface of gold nanoparticles which make it comparatively not 
practical for biological applications. 
 
1.4 Enzymes 




proteins that work to drive the chemical reaction required for a specific action or nutrient. 
They can either launch a reaction or speed it up. DNA Enzymes are crucial in living 
organisms and play important roles where nucleic acids are in action, including 
degradation, replication, repair, and recombination. Many types of reactions carried on 
nucleic acids and organic molecules by enzymes have been applied into various kinds of 
sensors so far. In this section, two main types of enzymes, nuclease (1.4.1) and 




A nuclease, also called "polynucleotidase" or "nucleodepolymerase", is an enzyme 
acting to hydrolyze or cleave the phosphodiester bonds of a polynucleotide chain into 
component nucleotides.[77] Nuclease enzymes are usually divided into two types, 
exonucleases and endonucleases. Exonucleases are enzymes that work by cleaving 
nucleotides from a free end of a polynucleotide chain. Therefore, depending on the 
specificity of the enzyme, an exonuuclease will proceed hydrolyzing reactions that 
progressively break phosphodiester bonds at either the 3’-OH in a 3'-5' direction or at the 
5’-P end in a 5'-3' direction.[78-79] Endonuclease are enzymes that attack phosphodiester 
bond within the interior of a polynucleotide chain, in contrast to exonucleases, which 
cleave phosphodiester bond at the end of a polynucleotide chain. Typically, restriction sites 
are palindromic sequences ranging from four to six nucleotides. Most restriction 
endonucleases unevenly cleave the DNA strand, leaving complementary single-stranded 




the phosphodiester bonds of the fragments can be joined by DNA ligase. There are 
hundreds of restriction endonucleases already known, and each attacks a distinct restriction 
site. According to their mechanism of action, they are usually divided into three categories, 
Type I, Type II, and Type III. It should be emphasized that the specificity of restriction 
enzymes for their recognition sites is very high. Thus, these enzymes are frequently 
utilized in the design of biological sensors.[80-81] 
 
1.4.2 Phosphatase 
A phosphatase is an enzyme that removes a phosphate group from its substrate by 
hydrolysing phosphoric acid monoesters into a phosphate. It acts in opposite to 
phosphorylases and kinases, which add phosphate groups to their substrates by using 
energetic molecules like ATP. A common phosphatase in many tissues is alkaline 
phosphatase.[82] In humans, alkaline phosphatase exists in all organisms throughout the 
entire body. It is a hydrolase enzyme and plays essential role for removing phosphate 
groups from numerous types of molecules, including nucleotides, proteins, and alkaloids. 
As alkaline phosphatases are most effective in an alkaline environment, they are widely 
utilized in various research areas. [83-85] 
 
1.5 Applications of nanoparticle-based biosensors 
Recently, nanomaterials are making a great impacts in many fields due to their 
unique optical, magnetic, catalytic and electronic properties, which make them ideal 
candidates for signal generation and transduction in the molecule diagnostics.[86-91] In 




biodetection agents, due to the unusual properties of gold nanoparticle labels.[92-96] 
Several distinct advantages for assay readout have been realized, including high 
sensitivity and selectivity, a rapid colorimetric response (from red to blue or purple), and 
no requirement of expensive instruments and assistant facilities. Since the first generation 
of DNA functionalized gold nanoparticle biosensors (Figure 1.6) were developed by 
Alivisatos’ group [97] and Mirkin’s group,[98-99] this techonology has been increasingly 
utilized in the detection of various analytes of interest, including DNA, proteins, and 
small solutes such as metal ions and organic molecules, as well as sensing of cancer cells. 
Once combined with other biological or chemical techniques, this methodology holds 
great promise in drug discovery, environmental contaminant analysis and clinical 
diagnostics. Another class of biosensors based on Ln-doped NP, especially upconversion 
NP, seeks to provide the capability of multiple detections for molecular entities and to 
substantially reduce background auto-fluorescence. Therefore, this technique can offer 
enhanced signal-to-noise ratios and improve the detection limitations in contrast to 
organic dyes or QDs. 
In this section, a brief literature review of recent examples of NP-based assays 
involved in (1.5.1) metal ions, (1.5.2) DNAs, (1.5.3) proteins, (1.5.4) small organic 
molecules, and (1.5.5) cells will be presented. 
 
1.5.1 Metal ions 











) in the environment or the human body is highly important. For 









Figure 1.6 Properties of DNA/GNP-based sensor. In the presence of complementary 
target DNA a’b’, gold nanoparticles are reversibly aggregated, resulting in a change of 
solution color from red to blue. A sharp melting transition can be founded via UV-vis 
spectrum. (Reprinted with permission from ref. 14. Copyright 1997, American 




which can cause severe effect to human health when they are taken through drinking 





) play crucial roles inside the human body like enzymatic functions.  
Colorimetric sensors using DNA/gold nanoparticles which have been widely investigated 
provide meaningful tools for the sensitive detection of these metallic ions.  
For instance, mercury ion (Hg
2+
) could cause serious brain damage and other chronic 
diseases because they can accumulate in the body through drinking water and the food 
chain. Mirkin’s group [100] firstly developed a colorimetric and sensitive approach of 
detecting mercury ions in aqueous solution using DNA-gold nanoparticle sensor system 
based on thymine-Hg
2+
-thymine coordination chemistry. Our group [101] changed the 
design and offered a simpler method through gold nanoparticles aggregation 
accompanied by a colorimetric response induced by the formation of 
thymine-Hg
2+
-thymine coordination structures at room temperature (Figure 1.7). More 
important, this method can be further applied to detect other metal ions with synthetic 
artificial bases substituted to thymine that selectively binds other metal ions.  
Lead ion (Pb
2+
) is another high toxic ion that is very harmful to human, resulting in 
bad mental retardation once accumulated. Lu’s group developed a particular colorimetric 
sensor for on-site and real-time detection of Pb
2+
 based on DNAzyme-directed assembly 
of gold nanoparticles.[102] In this approach, a DNA probe containing a region of 
DNAzyme that uses Pb
2+
 as cofactor was labeled on the surface of gold nanoparticles. In 
the presence of Pb
2+
, the region containing DNAzyme was cleaved when hydridized with 
the linking strand. In contrast, tail-to-tail aligned DNA-gold nanoparticle aggregates were 





Figure 1.7 Schematic of the Hg2+ detection by using 14-nm NPs with oligonucleotide 
modification that forms a sandwich DNA structure with seven T-T mismatches. 







employed to detect UO2
2+
 by the same group as well.[103]   













 which are helpful to human health also can be detected by gold 
nanoparticles coupled with DNA probes.[104-105] However, the extended applications 
of colorimetric sensors in complicated vivo circumstances based on DNA-gold 
nanoparticle system still need a mass of continuing efforts. 
 
1.5.2 DNAs 
Colorimetric sensors based on DNA/GNPs for detection of nucleic acids also have 
been widely reported and reviewed.[106-109] The most common detection principle is on 
the basis of “sandwich” structure that includes a target DNA and two sets of 
oligonucleotide-modified gold nanoparticle probes (Figure 1.6). Upon addition of DNA 
strands that are complementary to the DNA attached to gold nanoparticles, 
DNA-functionalized nanoparticles can aggregate reversibly due to the special DNA 
base-pairing interactions, accompanied by a red-to-purple color response, resulting the 
red shift of the surface Plasmon band of gold nanoparticles. Further studies on this 
detection format reveal that the melting property of the oligonucleotide-modified gold 
nanoparticles has changed. The UV absorption spectra of the oligonucleotide-modified 
gold nanoparticles are much sharper than unlabeled or fluorophore-labeled 
oligonucleotide, showing a much more narrow temperature range (full width at half 
maximum, as low as 1 
o
C).[110-111] This unique character provides the “sandwich” 
format assays the higher selectivity in single-nucleotide polymorphisms (SNP) detection 




fluorophore-labeled structures.[101] This approach for rapid genotyping of single 
nucleotide polymorphisms was utilized in our group to quickly identify the precise 
location of a single-base mismatch in a DNA sequence.[112] Nevertheless, the detection 
sensitivity of the “sandwich” structure is one of its drawbacks, with a detection limit in 
target concentration of nanomolar range.  
Another detection method for nucleic acids called heterogeneous assay utilizes glass 
slide modified with capture oligonucleotide strands, which have the capability of 
targeting specific oligonucleotide-functionalized gold nanoparticle probes. After removal 
of unbound targets from the capture sites, the results can be read either colorimetrically 
by naked eyes or spectrophotometrically by instruments. A silver amplification can be 
applied and stained to the attached oligonucleotide-modified gold nanoparticles and the 
result can be read by suing a conventional flatbed scanner firstly described by Taton’s 
group.[113] In our group, this approach was adopted to discriminate a single 
nucleotide-mismatched oligonucleotide sequence and identify the specific location of a 
single-base mismatch in the sequence (Figure 1.8).[114] 
Besides DNA/GNP assay, Ln-doped upconversion NP based homogeneous assay is 
another significant DNA sensing method, which is commonly based on a lanthanide 
resonance energy transfer (LRET) process [115] between a donor and an acceptor. For 
example, Zhang et al.[116] demonstrated a new design of nucleotide sensor, which used 
Ln-doped UC NP as energy donor and an appropriate fluorophore as an energy acceptor 
in a sandwich assay format. By using Er
3+
-doped NaYF4 particles as donor and TAMRA 
as acceptor, this assay could quantitatively detect the perfectly matched target DNA with 






Figure 1.8 Chip-based DNA detection by the amplification of Silver ion reduction. 






Developing highly sensitive and selective detection of proteins and enzymes is of 
significant importance in the novel pharmaceuticals and medical diagnostic devices. Like 
oligonucleotide strands, many proteins also have complementary counterparts. 
Conventional protein detection approaches are commonly based on this interaction which 
requires preparation of high-quality antibodies and multiple washing steps, nevertheless, 
the capacity of this method for multiplexed targets detection is relatively low. 
Nanoparticle facilitated detection strategies provide an alternative way for quickly and 
sensitively detecting proteins. Nanoparticles have an ability to provide stable 
immobilization of proteins, while retaining their bioactivities. This is one of the major 
advantages which can, therefore, be applied to detect numerous protein targets. For 
example, Zheng and coworkers [117] developed a novel assay for detection of the 
activity of telomerase by using DNA/GNP conjugates as probes and the concept of 
elongated and unmodified oligonucleotides on one particle for amplification. On the other 
hand, Xu and coworkers [118] prepared amino-modified NaYF4: Yb, Er UCNPs and 
citrate-based GNPs. These particles were further conjugated with human IgG and rabbit 
antigoat IgG, respectively. A sandwichtype LRET system between the human 
IgG-modified NaYF4: Yb, Er UCNPs (as energy donors) and rabbit antigoat 
IgG-modified GNPs (as energy acceptors) was formed with the addition of goat 
antihuman IgG. It in turn served as a bridge to make the distance between the donors and 





Figure 1.9 Schematic Illustration for the LRET Process between NaYF4:Yb, Er UCNPs 
(Donor) and Au NPs (Acceptor)  (Reprinted with permission from ref. 42 Copyright 





the goat antihuman IgG with a detection limit of 0.88 ug/ml (Figure 1.9). 
 
1.5.4 Small organic molecules 
In the DNA/GNP detection system, nucleic acid aptamers are utilized to sense small 
organic molecules attributed to their potential capability of effectively binding various 
molecule targets such as small molecules, proteins, and even cells, tissues and organisms 
(Figure 1.10). These aptamers are engineered through repeated rounds of in vitro or 
systematic evolution of ligands by exponential enrichment (SELEX).[119-121] Due to 
the strong affinity and unique recognition properties of aptamers to molecules, they are 
very useful in biotechnological and therapeutic applications. 
Aptamer was firstly selected for sensing ATP by Huizenga and coworkers.[122] 
Since then, many small organic molecules have been examined in many proof-of-concept 
detecting experiments.[123-124] For instance, Mirkin and coworkers demonstrated a 
rapid, highly sensitive, and selective colorimetric assay for detecting cysteine using 
oligonucleotide/gold nanoparticle conjugates.[125]
 
This universal approach could be 
easily read out with the naked eye or UV spectrometer. Fan and coworkers also 
developed a general assay of detecting ATP based on label-free gold nanopartilces and 
anti-ATP aptamer with the naked eye.[126] Coralyne, a DNA-binding antitumor 
antibiotic, can also be detected in a simple method based on the coralyne inducing 
poly(dA) into the homo-adenine DNA duplex and the different salt ability between 








Figure 1.10 Specific structure of aptamer for a small molecule. (Reprinted with 






Rapid selective and accurate imaging, tracking and detecting of cancer cells are very 
important for the diagnosis and therapy of tumors. However, conventional methods are 
always suffering from the requirement of expensive instrumentation and time consuming 
techniques. With the advanced development in nanotechnology, many types of 
nanoparticles have been utilized to address this issue. In particular, oligonucleotide 
functionalized gold nanoparticles, represent a potential alternative due to their ability to 
enter many kinds of cells with high efficiency and biocompatibility through unique 
binding properties and simple conjugation chemistry.[128-129] For example, Irudayaraj 
and coworkers [130] presented a new design for breast cancer stem cells consisting of 
pointer particles and enhancer gold particles. The enhancer gold particles conjugated with 
single strand DNA and Raman labels can aggregate around a pointer particle to form a 
network structure. The sensitivity can be greatly improved with ability to detect a single 
target on the membrane of a living cell by using this well controlled network structure 
(Figure 1.11). Hence, DNA-functionalized gold nanoparticles have been considered as a 
powerful tool for point of cell detection with little to no toxicity. 
Moreover, upconversion nanoparticles (UCNPs) also have evoked considerable 
interest for their biological applications because of their unique upconversion 
luminescence (UCL) and small diameter size. For instance, Li and coworkers [131] 
synthesized sub-10 nm Gd
3+
-doped NaLuF4 nanocrystals with bright upconversion 
luminescence. With such kind of nanomaterials as a UCL probe, excellent detection 
limits of 50 and 1000 nanocrystal-labeled cells were achieved for subcutaneous and 




fabrication of bright upconversion nanocrystals for further applications in biological 








Figure 1.11 Schematic representation of the synthesis of monoclonal anti-HER2 
antibody and S6 RNA aptamer-conjugated oval-shaped gold nanoparticles and 
multifunctional oval-shaped gold-nanoparticle-based sensing of the SK-BR-3 breast 
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Chapter 2: EcoRI-modified Gold Nanoparticles for Dual-mode 
Colorimetric Detection of Magnesium and Pyrophosphate Ions 
 
2.1 Introduction and Motivation 
Magnesium in its ionic form (Mg
2+
) is essential for many physiological processes, 
including much of metabolism, enzyme activation and catalysis, photosynthesis 
development, signal transduction, and protection against hypertension and blood vessel 
spasm.[1-5]  Therefore, it has been long recognized that for suitable diagnosis of various 
ailments, the accurate and rapid measurement of Mg
2+
 is important.  Additionally, the 
ability to detect Mg
2+
 is also important in the area of environmental monitoring for 
effective pollution control.[6-8] Colorimetric methods are known for the detection of 
Mg
2+ 
in various fluids.[9-12] These methods usually involve the use of a 
metal-complexing reagent, such as thymolphthalein or arsenazo III, which forms a 
colored complex with Mg
2+ 
present in fluids.[9-12] However, these methods in general 
require sample pretreatment, and lack detection sensitivity and selectivity. For example, 
proteins and calcium ions present in fluids can also complex with magnesium complexing 
dyes, thereby causing interference in magnesium detection.[13-16] Thus, a rapid, 




Recent advances in gold nanoparticles functionalized with thiolated DNA have 
enabled colorimetric detection of biological species and heavy metal ions.[17-36] For 
detection or screening of heavy metal ions, the colorimetric sensing technique offers 






This technique requires minimal sample preparation and 
offers a simple, convenient method for detection.[46-57] Good detection limits and wide 
dynamic ranges have been demonstrated in real time and in complex media. It is also 
capable of providing a multiplex assay for the simultaneous detection of trace heavy 
metal ions.[58-62] However, the method for rapid identification of divalent alkaline earth 
metal ions is significantly less exploited. Here, we address this issue by developing a 
platform based on a combination of an EcoRI-modified nanoparticle and a 
double-stranded DNA with sticky ends. Divalent magnesium ions in the sub-micromolar 
concentration range can be readily detected by using our approach. We also demonstrate 
the utilization of this nanoparticle system for rapid screening of physiologically important 
pyrophosphate ions. 
The basic design for detecting Mg
2+
 is composed of EcoRI-modified nanoparticles 
and a specifically designed double-stranded DNA (Scheme 1). The DNA duplex contains 
an EcoRI-recognition site and complementary sticky ends that can pair with each other 
when mixed.[63-65] Upon addition of the nanoparticles to the DNA duplex, we anticipate 
that particle aggregation occurs due to the EcoRI-DNA binding and spontaneous pairing 
of DNA sticky ends. A visual, colorimetric readout, as a result, would be possible.  
However, in case of a sufficient amount of magnesium ions present in solution, the 
solution color may remain intact as the divalent Mg
2+
 can serve as a cofactor for 
activating enzymatic cleavage of the double-stranded DNA.[66] This high-specificity 
nature of Mg
2+
-mediated DNA cleavage would enable selective detection of Mg
2+
 among 












2.2 Materials and Methods 
2.2.1 Materials. All DNA sequences, PB buffer, Tris-HCl buffer, and sodium chloride 
solution were obtained from 1
st
 Base Pte Ltd, Singapore. The restriction enzyme EcoRI 
was purchased from New England Biolabs Inc. [γ-32P]ATP was purchased from Perkin 
Elmer. All inorganic salts (KCl, NaCl, CaCl2, CuCl2, FeCl3, ZnCl2, NiCl2, Hg(NO3)2, 
Cd(AcO)2, Mn(AcO)2, MgCl2·6H2O, NaF, NaBr, KI, KHSO4, NaNO3, Na4P2O7·10H2O, 
NaHCO3, KH2PO4, K2HPO4, NaAcO, K2SO4,), 1-ethyl-3-(3-dimethylaminopropyl) 
-carbodiimide (EDAC) and N-hydroxysuccinimide (NHS) were purchased from Sigma 
Aldrich unless otherwise noted.  
2.2.2 Preparation and EcoRI-modification of gold nanoparticles. Gold nanoparticles 
(diameter ~14 nm) were prepared by the citrate reduction of HAuCl4.[67] In a typical 
experiment, a 5-mL aqueous solution of sodium citrate (1 w%) was added to a boiling 
solution of HAuCl4 (50 mL, 1 mM). After the color of the solution changed to red, the 
reaction mixture was allowed to reflux for 20 min. The resulting mixture containing ~10 
nM of gold nanoparticles was then allowed to cool to room temperature and degassed by 
nitrogen before use for subsequent reactions.  
EcoRI-modified particle probes were prepared by a coupling reaction between 
carboxylic acid-modified particles and the amine groups of EcoRI.
 
In a 2-mL microtube, 
450 μL of citrate-stabilized colloidal gold (~10 nM) and 450 μL of Tween 20 (0.5 mg/mL 
in 10 mM PB buffer)[68] were first mixed. After standing for 20 min, 100 μL of 
11-mercaptoundecanoic acid (MUA; 5 mM) was then added to the particle solution and 
incubated at room temperature for 4 h. The MUA-modified nanoparticles were purified 




10min) and washing with 1 mL of 10 mM PB buffer solution prior to use for EcoRI 
modification.  
The carboxylate (-COOH) group of MUA on the surface of gold nanoparticles was 
cross-linked with the primary amine (-NH2) group of the EcoRI enzyme.[69-70]  
Typically, 500 μL of MUA-modified nanoparticles, 100 μL of MES buffer (0.1 M, pH 
5.3), 5 μL of EDAC (0.1 M), 10 μL of NHS (0.1 M), 50 μL of EcoRI (100,000 U/mL), 
and 335 μL of H2O were mixed and incubated for 2 h at room temperature. The resulting 
mixture was washed with 500 μL of PB buffer (10 mM, pH 7) and redispersed in 500 μL 
of PB buffer (10 mM, pH 7).     
2.2.3 Immobilization of DNA capture strands on glass slides.[71] Microscope glass 
slides were first cleaned by sonication with CH2Cl2, CH3OH and ultra-pure water for 10 
min each, and then heated at 90 °C in a solution containing ammonia and peroxide 
(NH3∙H2O:H2O2:H2O = 1:1:5) for 1 h. After sequentially washed with ethanol and 
ultra-pure water, the slides were dried overnight at 60 °C. Then the slides were 
subsequently treated with an ethanol solution of 3-aminopropyltriethoxysilane 
(C9H23NO3Si:Ethanol = 1:10; v/v) for 1 h. After washed with ethanol, the slides were 
incubated at 120 °C for 3 h and then placed into a dimethylformamide solution of 
succinic anhydride (0.05 M) for 24 h to convert the terminal amino groups to carboxylic 
acids. A 3’-amine-modified single-stranded DNA (5’-GAC GTG AGC GAA TTC CCG 
ATG CGT AAA AA-NH2-3’; 4 nmol) was dissolved in a 400 μL of PB buffer solution 
(10 mM, pH 8.0) containing 80 μL of NHS, (0.1 M) and 40 μL of EDAC (0.1 M). The 




DNA hybridization at 23 °C overnight. After immobilization of the capture strand, the 
slide was rinsed twice with ultra-pure water and wax-patterned. 
2.2.4 EcoRI-modified gold nanoparticles for Mg
2+
 detection. In a typical experiment, a 
solution-based detection system containing EcoRI-modified particles and a specific DNA 
duplex with sticky ends was used for colorimetric detection of magnesium ions. The 
DNA duplex was prepared by mixing and annealing two single-stranded sequences (5’ 
GTG CCA TGC GAC GTG AGC GAA TTC CCG ATG CGT 3’ and 5’ GCA GGT CAC 
ACG CAT CGG GAA TTC GCT CAC GTC 3’, 10 μM each in 10 mM PB buffer pH 7.0 
and 0.3 M NaCl) at 90 °C for 5 min, followed by slow cooling to room temperature.  
The EcoRI-modified nanoparticles (~4 nM, 48 μL) were then incubated with a 0.5-μL 
solution of magnesium chloride (0.5 mM) for 5 min, at which time a 1.5-μL solution of 
the double-stranded DNA (10 μM) was then added to the mixture. The colorimetric 
response of the solution was recorded after 5 min.   
2.2.5 Polyacrylamide gel electrophoretic (PAGE) analysis.[72]
 
The strand scission 
process for the EcoRI recognition DNA was monitored by denaturing PAGE with 
autoradiography. In a typical experiment, an oligonucleotide strand (5’ GTG CCA TGC 
GAC GTG AGC GAA TTC CCG ATG CGT 3’; 100 pmol) was first labeled with [γ-32P] 
ATP at the 5’ end in the presence of T4 polynucleotide kinase (T4 PNK), followed by 
purification by electrophoresis through a denaturing 20% Polyacrylamide gel. The slice 
of band containing the [
32
P]-labeled DNA strand was cut out of the gel and eluted by 
soaking in tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl; 10 mM, pH 7) 
for 2 h, followed by purification by gel filtration chromatography (NAP-25, GE 
Healthcare) eluting with ultrapure water. The purified [
32




was mixed with a solution of EcoRI-modified nanoparticles (4 nM) in the presence of 
another single-stranded DNA (5’ GCA GGT CAC ACG CAT CGG GAA TTC GCT 
CAC GTC 3’; 12.5 pmol). Upon incubation at 37 oC for 1 h, the reaction mixture was 
centrifuged and the particles were separated. A 6 µL of denaturing loading buffer (95% 
v/v formamide, 18 mM EDTA, 0.025% w/w SDS, 10% w/w xylene FF and bromophenol 
blue) was then added to the resulting solution. The mixture was stored at -20 
o
C for gel 
electrophoresis. The reaction products were analyzed by electrophoresis in a 20% 
polyacrylamide gel. Autoradiographic images were analyzed and quantified using the 
ImageQuant software. 
2.2.6 Chip-based magnesium detection. A drop of aqueous solution containing 7.2 μL 
of EcoRI-modified particles, 1.8 μL of linker DNA (5’-ACG CAT CGG GAA TTC GCT 
CAC GTC-3’, 100 μM), 9 μL of buffer solution (20 mM PB, 0.6 M NaCl), and 2 μL of 
MgCl2 (0.1 to 100 μM) was spotted onto a wax-patterned glass slide. Upon incubation for 
4 h in a DNA hybridization chamber, the slide was carefully washed and rinsed with 
Tris-HCl (10 mM, pH 7) buffer containing sodium nitrite (0.3 M). The Silver Enhancer 
Kit (SE100, Sigma Aldrich) was subsequently used to provide signal readout 
amplification by precipitation of metallic silver on substrate-tethered gold nanoparticles.  
The darkness of the spotted surface on the slide was measured by the relative grayscale 
values taken from flatbed scanner images of the slide. 
2.2.7 Recycling of EcoRI-modified gold nanoparticles. To a solution of 5 μM Mg2+, 
EcoRI-modified nanoparticles were added and incubated with EcoRI-recognition DNA in 
10 mM PB buffer. After reaction, EDTA (1 mM) was added to complex Mg
2+
 bound to 




isolated by centrifugation and redispersed (PB buffer; 10 mM, pH 7) for repeated use.  
2.2.8 PPi titration. We first added different amounts of PPi (0-1.5 nmol) to a 0.5 μL 
solution of Mg
2+
 (250 pmol). The resulting mixture was then transferred to a solution of 
gold nanoparticles followed by the addition of EcoRI recognition DNA duplex, and 
incubated for 5min. A gradual, visible color change from red to blue was observed with 
increased PPi content, indicating enzyme cleavage disruption by Mg-PPi complexation. 
























) were mixed with Mg
2+
 (250 pmol). After 5 min, 48 μL of EcoRI-modified 
particles and 1.5 μL of the DNA duplex were added to test the colorimetric response. 
 
2.3 Results and Discussion 
As a proof-of-concept experiment, the EcoRI conjugation was first carried out by 
coupling 1-mercaptoundecanoic acid-stabilized nanoparticles (~14 nm) with EcoRI (~0.1 
µM) in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC) and 
N-hydroxysuccinimide (NHS). The bio-conjugated nanoparticles resulted in no color 
change and no noticeable shift in the surface plasmon band in the absorbance spectrum 
(Figure 2.1). The EcoRI-modified nanoparticles were then incubated with an aliquot of 
magnesium chloride (250 pmol) for 5 min, at which time a solution of the DNA duplex 
(15 pmol) was then added to the mixture. As anticipated, no particle aggregation was 
observed for the sample containing Mg
2+
 (Figure 2.2a). In contrast, solution-based 
control investigation showed that nanoparticles immediately aggregated in the absence of 
Mg
2+





























Figure 2.1 UV-vis spectra of solutions corresponding to the as-synthesized 
citrate-capped gold nanoparticles, MUA-modified particles, and EcoRI-modified 





to the EcoRI-modified nanoparticles. In the UV-vis spectrum, the plasmon absorption 
shifted from 520 to 570 nm and broadened in comparison with the dispersed nanoparticle 
solution (Figure 2.2b). Transmission electron microscopy images showed these aggregated 
nanoparticles and confirmed that the nanoparticle aggregation is a consequence of 
simultaneous EcoRI-DNA binding and sticky end pairing under these conditions (Figure 
2.2c).  
To determine if the detection system would provide selectivity for Mg
2+
 over other 
























). Results from trials showed that particle aggregation was consistently 
observed when other metal ions were introduced to the nanoparticle solution (Figure 
2.2d). In the absence of magnesium ions, the enzymes on the surface of nanoparticles can 
efficiently bound to DNA, but enzymatic cleavage did not occur. The remarkable degree 
of detection specificity can be attributed to the strong catalytic activity dependence of 
EcoRI on the presence of magnesium ions. The replacement of Mg
2+
 with other metal 
ions leads to reduced catalytic activity for DNA cleavage. 
To probe the dynamic range of the assay, a chip-based scanometric system was 
developed by using a flatbed scanner (Scheme 2.2).  In a typical experiment, a glass 
microscope slide was first modified with a capture DNA strand. Aqueous solutions 
containing EcoRI-modified gold nanoparticles, a linker DNA strand, and different 
concentrations of magnesium ions were then spotted onto the glass slide. After incubation 
for 4 h in a DNA hybridization chamber, the glass slide was rinsed in buffer and 







Figure 2.2 Colorimetric detection of Mg
2+
. (a) Color response of a 14-nm nanoparticle 
detection system (~4 nM particles; 0.3 µM DNA duplex) in the presence (5 µM) or 
absence of Mg
2+
. (b) The corresponding UV-Vis spectra of the particle solutions with or 
without Mg
2+
. (c, d) The corresponding TEM images taken for the samples with and 
without Mg
2+
. (e) Colorimetric response of the detection system (~4 nM particles; 0.3 





significant darkening of the spotted surface was observed (Figure 2.3a).  This indicates 
the specific binding of EcoRI-modified nanoparticles to the DNA duplex that contains an 
EcoRI recognition site. In contrast, in the presence of Mg
2+
, enzymatic cleavage of the 
DNA duplex was observed and the cleavage efficiency increased with increasing Mg
2+
 
concentration (0.1-100 µM) as measured by the greyscale intensities of the spotted areas 
(Figure 2.3a).  
Importantly, EcoRI-modified nanoparticles have remained dispersed in solution after 
storage at 4 
o
C for over one week with no indication of enzyme deactivation or marked 
particle aggregation. The bioactivity of EcoRI-modified nanoparticles after several days 
of storage was confirmed by [
32
P]-label denaturing polyacrylamide gel electrophoresis 
(PAGE, 20%). As shown in Figure 2.3b, even after 8 days of storage, the EcoRI-modified 
nanoparticles efficiently cleaved the DNA duplex into fragments under the optimum 
reaction conditions (Figure 2.3b). Another intriguing property of the EcoRI-modified 
nanoparticles is their ability to be recycled. After the presence of Mg
2+
 was confirmed, 
ethylenediaminetetraacetic acid (EDTA) was added to the solution to uptake the Mg
2+
 
occupied at the Mg
2+
-binding site. The non-complexed EcoRI-modified nanoparticles 
were isolated by centrifugation and redispersed for repeated use. The recycled 
nanoparticles showed consistent catalytic activity for three consecutive rounds, as 
evidenced by the absorbance spectra recorded for each particle aggregation step in 
comparison with the redispersed particle solution (Figure 2.3c). 
Apart from providing a convenient detection method for Mg
2+
, the EcoRI-modified 
particle system is useful for pyrophosphate ion (PPi: P2O7
4-
) screening. PPi plays an 











inhibit enzyme activity, primarily due to its complexation with Mg
2+
.[73-74] Thus, the 
design of enzyme deactivation through Mg
2+
 complexation with PPi, coupled with gold 
nanoparticles, can be developed for colorimetric PPi detection. As a demonstration of this 
concept, we first added different amounts of PPi (0-1.5 nmol) to a solution of Mg
2+
 (250 
pmol). The resulting mixture was then transferred to a solution of gold nanoparticles 
followed by the addition of EcoRI recognition DNA duplex. We observed a gradual, 
visible color change from red to blue with increased PPi content, indicating that enzyme 
cleavage was disrupted by Mg-PPi complexation (Figure 2.4a). On the basis of this 
approach, the colorimetric detection of PPi at concentration down to 10 μM could be 
achieved. The addition of PPi to the particles led to the gradual shift in the absorbance 
band corresponding to DNA duplex-bound nanoparticles (Figure 2.4b). To validate the 
























), and trivalent PPi as the control. Upon addition of each anion (50 μM) to the 
particles, a noticeable color change from red to blue was observed only for the solution 
with the PPi content (Figure 2.4c & Figure 2.5).  
 
2.4 Summary and Prospect 
In conclusion, we have presented a rapid colorimetric method, based on 
EcoRI-modified nanoparticles and DNA sticky end pairing, for magnesium ion detection. 
When combined with the scanometric technique, this method can detect the presence of 
Mg
2+
 at concentrations as low as 0.1 μM. The EcoRI-modified nanoparticles have also 





Figure 2.3 (a) Top: scanometric images taken after silver enhancement of the 
DNA-modified glass slide incubated with EcoRI-modified nanoparticles in the presence 
of various concentrations of Mg
2+
 (0, 0.1, 1, 10, and 100 μM). Bottom: the corresponding 
grayscale values of darkened areas obtained as a function of Mg
2+
 concentration. (b) 
Autoradiogram of polyacrylamide gel-separated products obtained from DNA cleavage 
experiments using EcoRI-modified nanoparticles stored for different periods of time 
(Lane 1: control experiment without the addition of EcoRI-modified nanoparticles). (c) 
UV-vis spectra of the recycled particle solutions for the redispersed EcoRI-modified 





high selectivity and excellent stability of the particle system should enable a broad 
spectrum of potential applications in the monitoring and detection for magnesium and 
pyrophosphate ions in complex settings. We also envision that the design of the detection 
system can be extended to other types of functional nanomaterials such as luminescent 






Figure 2.4 (a) Colorimetric response of the detection system (~4 nM particles; 0.3 μM 
DNA duplex) in the presence of various PPi contents (0-30 μM).  (b) The 
corresponding UV-Vis spectra of the particle solutions in the presence of different PPi 
concentrations. (c) Top: colorimetric response of the particle solutions containing 
different anions. Bottom: the corresponding UV-vis absorption ratio of the particle 





























































Figure 2.5 UV-vis spectra obtained for solutions containing the EcoRI-modified particle 
system (~4 nM nanoparticles; 0.3 µM duplex), magnesium ions (5 µM), and various 
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Chapter 3: DNA-Templated Reaction for Pyrimidine Dimer Sensing 
and Sunscreen Screening 
 
3.1 Introduction and Motivation 
Interactions of chemical or physical agents with DNA occurring in the environment 
may result in changes of the genetic information (mutations) and subsequently in serious 
health disorders.[1-2] Screening of DNA damage in persons exposed to potentially 
genotoxic agents, detection of DNA damaging species in the environment, water, food, 
etc., and toxicity testing of newly synthesized chemicals are therefore important for 
human health protection. Methods currently used in DNA damage analysis usually 
involve hydrolysis of the genetic material followed by chromatographic separation and 
determination of damaged entities.[3-9] These methods, although highly sensitive, are 
rather laborious and time-consuming. Other approaches (electrophoretic techniques 
including plasmid relaxation [10-12] or comet assays, [13-18] immunoassays, [19-21] 
PCR,[22] etc.) are based on detection of changes in entire DNA molecules resulting from 
their interactions with genotoxic agents. Recent advances in gold nanoparticles 
functionalized with thiolated DNA have enabled colorimetric detection of biological 
species.[23-41] This technique requires minimal sample preparation and offers a simple, 
convenient method for detection and has proven useful in detecting DNA damage.[42-55] 
Pyrimidine dimers are molecular lesions formed from thymine or cytosine bases in 
DNA via photochemical reactions.[56] Ultraviolet light induces the formation of covalent 
linkages by reactions localized on the C=C double bonds. Two common UV products are 




These premutagenic lesions alter the structure of DNA and consequently inhibit the 
functions of polymerases and arrest replication. Pyrimidine dimers introduce local 
conformational changes in the DNA structure, which allow recognition of the lesion by 
repair enzymes.[57] 
The principle of sunscreen effectivity determination relies on a sandwich assay 
comprising a capture DNA strand immobilized on a glass substrate, a linker DNA strand 
attached to a gold NP, and a target DNA (scheme 1a). However, unlike conventional 
NP-coupled sandwich assays, this system involves the incorporation of DNA-templated 
reaction (enzymatic DNA cleavage) between the linker strand and the target. Because of 
the sequence-specific nature of DNA enzyme reaction, the target strand containing 
thymine dimer lesions caused by UV light (scheme 1b) will be cleaved by DNA repair 
enzyme T4 Endonuclease V (T4 PDG) which cleaves the glycosyl bond of the 5´ end of 
the pyrimidine dimer. In contrast, sunscreen would prevent the target strand from forming 
thymine dimer lesions, and the perfectly target strand will result in a firm attachment of 
the NP probe to the substrate. After a stringency wash and silver amplification, the target 
can be readily detected with the naked eye of a flatable scanner. 
 
3.2 Materials and Methods 
3.2.1 Reagents and Characterization. Oligonucleotides were purchased from 
Sigma-Aldrich, T4 PDG (T4 Endonuclease V) was purchased from New England Biolabs 
(NEB) Inc. PB buffer, Tris-HCl buffer, and sodium chloride solution were obtained from 
1st Base Pte Ltd, Singapore. [γ-32P]ATP was purchased from Perkin Elmer. Cathy brand 





Scheme 3.1 (a) Principle of chip-based thymine dimer detection. (b) The formation of 





of analytical reagent grade and used without further purification. The DNA sequences 
were as follows (for targer strand, two TT sites are designed to effienciently achieve 
thymine dimer sites):  
Name Sequence 
Target DNA 5’-GCG TGC TTG CGT GCT TGC GTGC-3’ 
Complementary DNA 5’-GCA CGC AAG CAC GCA AGC ACGC-3’ 
Capture DNA 5’-CGC AAG CAC GC-(CH2)7NH2-3’ 
Linker DNA 5’-SH-(CH2)6-TTT TTG CAC GCA AGCA-3’ 
 
Gold nanoparticles were prepared by the citrate reduction of HAuCl4.[58] 
Oligonucleotide-functionalized gold nanoparticles and glass slides immobilized with 
capture DNA strands were prepared according to literature methods.[59-60] Ultrapure 
water was obtained from a Millipore filtration system and used throughout the 
experiment.  
3.2.2 Immobilization of capture strands on glass slides. Microscope glass slides were 
first cleaned and sonicated by CH2Cl2, CH3OH and ultra-pure water for 10 minutes each, 
and then heated at 90 °C in a solution containing ammonia and peroxide 
(NH3∙H2O:H2O2:H2O = 1:1:5) for more than one hour. After sequentially washing with 
ethanol and ultra-pure water, the slides were dried overnight at 60 °C. Then the slides 
subsequently treated with an ethanol solution of 3-aminopropyltriethoxysilane 
(C9H23NO3Si:ethanol = 1:10; v/v) for 1h. After washing with ethanol, the slides were 
incubated at 120 °C for 3 hours and then placed into a dimethylformamide solution of 
succinic anhydride (0.1 M) for 24 hours to convert the terminal amino groups to 
carboxylic acids. The slides finally washed with dimethylformamide and water, and then 




Target strand (5' CGCAAGCACGCGCTTTTT-(CH2)7NH2; 6 nmol) dissolved in a 
400 μL phosphate buffer solution (0.01 M phosphate buffer, pH 8.0) containing 100 μL 
N-Hydroxysuccinimide (NHS, 0.01 M) and 50μL 1-ethyl-3-(3-dimethyl-aminopropyl) 
carbodiimidehydrochloride (EDC∙HCl) were then transferred onto the silane‐ modified 
glass slides. The slides were placed into a DNA hybridization chamber for incubation at 
23 
o
C overnight. After immobilization of the capture strands, the slides were rinsed twice 
with ultra-pure water and waxed when dry. 
3.2.3 Preparation of gold nanoparticle probes: The 5’-terminal disulfide groups of the 
oligonucleotide strands were first cleaved by soaking them in a 0.1 M dithiothreitol (DTT) 
phosphate buffer solution (0.1 M phosphate, pH 8.0) for 2 hours and subsequently 
purified on a NAP-5 column. To a 2.4 mL of gold colloid solution was added 6 nmol of 
the purified oligonucleotide. The solution was then brought to a 0.3 M NaCl, 50 mM Tris 
buffer solution gradually by adding aliquots of 5 M NaCl and 0.1 M Tris, pH 8.0 buffer 
solutions every 8 hours. After standing for 48 hours, the nanoparticle solutions were 
centrifuged and redispersed in 0.3 M NaCl, 50 mM Tris buffer. The final concentrations 
of the probe solutions were 2 nM estimated from their measured absorption at 520 nm 
and published values for extinction coefficients of the unmodified particles.[61] 
3.2.4 UV radiation of target strand. Target strand was added into 0.5 M Tris-HCl, 
make the final concentration of target strand 2 µM and Tris-HCl 0.1 M. Then the solution 
was irradiated around 300 nm UV lamp at a distance of 4 cm. The radiation time was 
arranged for 0.5 h, 1 h, 2 h, 3 h and 4h. Same method was applied for whitening sun 
block cream (Cathy brand), the tube surface was covered by 5 mg cream. The radiation 




3.2.5 Chip-based gold nanoparticle-coupled cleavage assay. In a typical experiment, a 
drop of aqueous solutions containing 4 uL DNA target strand (5’-GCGTGCTT 
GCGTGCTTGCGTGC-3’; 20 nM), 4 uL buffer solution (20 mM PB, 0.6 M NaCl) and 
20 μL capture DNA modified AuNPs was spotted onto a wax-patterned glass slide. After 
1h, 1 µL enzyme buffer (1 M NaCl, 10 mM DTT, 10 mM EDTA, 250 mM Na2PO4, pH 
7.2 @ 25°C) and 1 µL enzyme T4 PDG were added. Upon incubation for about 16h in a 
DNA hybridization chamber, slides were carefully washed and rinsed by sodium nitride 
(0. 1 M) and Tris-HCl (0.01 M) buffer, then drying in the air.  
3.2.6 Silver enhancement method. The Silver Enhancer Kit (SE100, Sigma-Aldrich) 
was used to provide signal readout amplification by precipitation of metallic silver on 
substrate-tethered gold nanoparticles. In a typical experiment, Silver Enhancer Solution A 
(S5020, 1mL, Sigma-Aldrich) and Silver Enhancer Solution B (S5145, 1mL, 
Sigma-Aldrich) were mixed in a 1:1 (v:v) ratio immediately before use and the resulting 
mixture was then transferred to a glass slide (75 x 25mm) that contains 
oligonucleotide-tethered gold nanoparticles. After 5 min incubation, the slide was rinsed 
with ultra-pure water, immersed in a sodium thiosulfate solution (S8503, 2.5 wt%, 
Sigma-Aldrich) for 2 min, washed again, and dried prior to scanning. The darkening of 
the spotted surface on the slide was measured by the relative grayscale values taken from 
flatbed scanner images of the slide. 
3.2.7 Polyacrylamide gel electrophoretic (PAGE) analysis:[62] The strand scission 
process for the T4 PDG recognition DNA was monitored by denaturing PAGE with 
autoradiography. In a typical experiment, the target strand (5’-GCGTGCTTGCGTGC 




presence of T4 polynucleotide kinase (T4 PNK), followed by purification by 
electrophoresis through a denaturing 20% Polyacrylamide gel. The slice of band 
containing the [
32
P]-labeled DNA strand was cut out of the gel and eluted by soaking in 
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl; 10 mM, pH 7) for 2 h, 
followed by purification by gel filtration chromatography (NAP-25, GE Healthcare) 
eluting with ultrapure water. The purified [
32
P]-labeled strand (4 µL, ~20 nM) was 
irradiated under UV light, and then mixed with complementary strand DNA (5’-GCA 
CGC AAG CAC GCA AGC ACGC-3’; 15 pmol) and T4 PDG in buffer solution 
(100 mM NaCl, 1 mM DTT, 1 mM EDTA, 25 mM Na2HPO4). Upon incubation at 37 
o
C 
for 1 h, a 6 µL of denaturing loading buffer (95% v/v formamide, 18 mM EDTA, 0.025% 
w/w SDS, 10% w/w xylene FF and bromophenol blue) was then added to the resulting 
solution. The reaction products were analyzed by electrophoresis in a 20% 
polyacrylamide gel.   
 
3.3 Results and Discussion 
As a proof-of-concept experiment, we combined oligonucleotide-functionalized NP 
probes with an enzymatic DNA-templated cleavage reaction for thymine dimer detection. 
Aqueous solutions containing an NP probe (Au-5’-S-TTTTTGCACGCAAGCA; 100 pM) 
and target DNA strands (5’-GCGTGCTTGCGTGCTTGCGTGC-3’; 1 nM) which are 
irradiated by UV light or not were spotted onto a glass micro slide modified with a 
capture strand (5’-CGCAAGCACGC-Amine-3’). After incubation for 1h in a DNA 
hybridization chamber, T4 PDG, which recognizes cis-syn-cyclobutane thymine dimers 




was added to the resulting mixture which was then allowed to stand for 30min at room 
temperature. The glass slide was then directly washed with buffer solution (0.3 M NaNO3, 
0.01 M PB) to remove cleaved bound particle probes and free target DNA strands. 
Subsequently, thymine dimer screening was enabled with substantially improved 
sensitivity and reliability by silver amplification of the bound NP probes. 
As anticipated, in the presence of a thymine dimer target sequence, no marked 
darkening of the spotted surface was observed or measured from oligonucleotide- 
modified glass surface by the relative grayscale values taken from flatbed scanner 
images. In a stark contrast, significant darkening of the spotted surface was observed 
when the perfectly matched target was used (Figure 3.1). For further investigation of the 
mechanism of our method, we found that the events of enzymatic thymine dimer 
cleavage could be probed by electrophoresis analysis with a 20% denaturing PAGE gel. 
In electrophoresis analysis (Figure 3.2), the single band in lanes 1and 2 suggested that no 
target strand cleavage occurred before UV exposure whether it was in the presence of 
enzyme T4 PDG or not. After treatment of DNA with UV exposure, the band which was 
treated with T4 PDG disappeared in lane 4 by comparison with the control band in the 
absence of T4 PDG in lane 3, which was a direct evidence for cleavage of target strands 
containing thymine dimer. The results of electrophoresis were in agreement with those of 
chip detection. 
An intriguing feature of the present approach is its unique ability to distinguish the 
effectivity of sunscreen. In our experiment, when the polystyrene tubes containing target 
DNA were exposed to UV light, the surface of each tube was applied with 5 mg of 





Figure 3.1 Scanometric images of oligonucleotide-modified glass slides after gold 
nanoparticle-coupled DNA-templated reactions in the presence of various target DNAs 
(top). The corresponding grayscale values of darkened areas are reported below each 
panel (bottom). Lane 1: DNA-templated reactions without the addition of target DNA 
containing dimers and T4 PDG; Lane 2: with the addition of T4 PDG but no dimer in 
target DNA; Lane 3: with the addition of target DNA containing dimers but without T4 





Figure 3.2 Gel electrophoresis analysis of various target DNAs. Lane 1: DNA-templated 
reactions without the addition of target DNA containing dimers and T4 PDG; Lane 2: 
with the addition of T4 PDG but no dimer in target DNA; Lane 3: with the addition of 
target DNA containing dimers but without T4 PDG; Lane 4: with the addition of target 





capture strands in the presence of T4 PDG, and target DNA strands without protecting by 
sunscreen were used as control experiment. After stringent washing and silver 
amplification under standard conditions, our results showed strong effects of sunscreen 
on the DNA-templated cleavage reactions (Figure 3.3). As can be seen, the efficiency of 
the cleavage reactions decreased with the application of sunscreen. As measured by the 
grayscale intensities of the darkened areas, the darking spots with sunscreen decreased 
more slowly than the darking spots without sunscreen. This is because in the presence of 
sunscreen, the UV radiation to the DNA was reduced by the sunscreen until the sunscreen 
lost its effect. We also found that the NP-coupled DNA-templated reaction allowed the 
facile semi-quantification of sunscreen effectivity against UV exposure time, as indicated 
by the imaged grayscale intensity value of the darkened spots. Additionally, the effect of 
sunscreen was further confirmed by gel electrophoresis experiments (Figure 3.4). After 
the treatment of sunscreen, the bands of target DNAs disappeared more slowly than the 
bands without treating with sunscreen, indicating that less cleavage occourred with 
sunscreen.  
We also have evaluated the specificity of our approach toward two kinds of cream, 
one containing sunscreen (Cathy brand) and another one without containing sunscreen 
(Dabao brand). Using same procedure, the polystyrene tubes applied by these two kinds 
of cream which included target DNA strands were exposed to UV light. After 
DNA-templated reaction, a similar chip result was obtained (Figure 3.5). In the presence 
of the cream containing sunscreen, the cleavage of T4 PDG fell down by comparison 
with the cream without containing sunscreen. As measured by the grayscale intensities of 




the sunscreen. Furthermore, the effect of sunscreen was also confirmed by gel 
electrophoresis experiments (Figure 3.6). In contrast, solution-based DNA-templated 
reactions can also be used to detect the effectivity of sunscreen, but it cannot be perfectly 
colorimetrically differentiated between 3-hour UV radiation and no UV radiation with the 
application of sunscreen as chip-based DNA-templated reaction (Figure 3.7). 
 
3.4 Summary and Prospect 
In conclusion, we have demonstrated a straightforward platform for rapid 
determination effectivity of sunscreen against UV light. Although this system requires 
reactions and conditions that compatible with particle probes, it also offers a convenient 
way to detect the effectivity of sunscreen which can be extended to all commercial 
sunscreens. Importantly, the approach can be readily applied to a rich variety of different 
particle probes, which include magnetic, semiconducting, and lanthanide-doped 
nanoparticles.[63-76] Ongoing efforts in our group seek to further develop this new 






Figure 3.3 Evaluation of the protective effect of sunscreen against UV irradiation. A 
representative scanometric image of oligonucleotide-modified glass slide after gold 
nanoparticle-coupled DNA-templated reactions in the presence of various target DNAs 
which are treated with or without sunscreen (top). The corresponding grayscale values of 





Figure 3.4 Gel electrophoresis analysis of various target DNA strands irradiated by UV 





Figure 3.5 Evaluation of the protective effect of different creams against UV irradiation. 
A representative scanometric image of oligonucleotide-modified glass slides after gold 
nanoparticle-coupled DNA-templated reactions in the presence of various target DNAs 
which are treated with different kinds of cream (top). The corresponding grayscale values 






Figure 3.6 Gel electrophoresis analysis of various target DNA irradiated by UV in the 





Figure 3.7 Color responses of probe solutions for targets with various UV irradiated time 
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Chapter 4: Nanoparticle-based Real-Time Colorimetric Assay for 
Alkaline Phosphatase with Pyrophosphate as Substrate 
 
4.1 Introduction and Motivation 
Alkaline phosphatase (ALP) is a membrane-bound hydrolase enzyme present in all 
tissues throughout the entire body, but it is particularly concentrated in liver, kidney, 
bone, placenta and bile duct. Because an abnormal level of serum alkaline phosphate is 
an important symptom of several diseases such as liver dysfunction, breast and prostatic 
cancer and bone disease,[1-4] it is one of the most common assayed enzymes in clinical 
practice. Alkaline phosphatase has broad substrate specificity and plays essential roles for 
removing phosphate groups from various types of phosphate compounds in vitro. In 
particular, pyrophosphate (PPi) is a unique substrate,[5] because it is a biologically 
important target and is involved in many crucial biological processes such as cellular 
signal transduction and protein synthesis.[6] However,  hydrolysis of PPi by ALP is 
relatively less reported.[7-8] This process is related to an important role of ALP that 
plays during skeletal mineralization and vascular calcification. By adjusting the levels of 
PPi, ALP can prevent cardiovascular disease in vitro.[9] A number of ALP assays that 
use different substrates are commercially available. For example, Chemiluminescence[10] 
and electrochemical[11] immunoassays have been used to determine the activity of ALP. 
And a real-time fluorescence turn-off assay for ALP using PPi as substrate also has been 
demonstrated.[8] However, these assays either rely on expansive instruments or 
complicated synthesis. Therefore, a visual and sensitive assay of ALP using PPi as 
substrate at physiological condition is of interest and offers a possibility to investigate the 




Metal nanoparticle-based colorimetric detection holds great promise for convenient 
and rapid bioassays, due to their unique optical and surface properties like size-dependent 
surface Plasmon resonance absorption and biocompatibility.[12-14] In particular, gold 
nanoparticles (GNPs) have received great attention in the development of visual sensing 
systems and have been extensively employed as analytical probes in biotechnological and 
chemical systems, owing to the surface plasmon resonance (SPR) mechanism based on 
the binding-induced aggregation of spherical GNPs.[15-20] herein, we report a novel 
colorimetric assay for ALP that consists of mercaptoundecanoic acid (MUA)-modified 
GNPs, cupric ion and PPi (scheme 4.1). In particular, MUA-modified GNPs can form 
aggregates in the presence of cupric ion, due to the chelate effect of free acid group of 
MUA. However, if PPi is added before the addition of cupric ion, no aggregation is 
observed, mainly in virtue of chelate effect of PPi to cupric ion. As a result, the 
GNPs-metal complex is disrupted. This work provides a platform for a real-time 
colorimetric assay for ALP using PPi as substrate. With the introduction of ALP into a 
solution containing MUA-GNPs/Cu
2+
/PPi, PPi is catalyzed to phosphate anion and Cu
2+
 
that is released induces the aggregation of GNPs, leading to an obvious color change 
from red to blue.  
 
4.2 Materials and Methods 
4.2.1 Materials and Instrument. Tris-HCl buffer and sodium chloride solution were 
obtained from 1
st
 Base Pte Ltd, Singapore. The enzyme alkaline phosphatase was 
purchased from New England Biolabs Inc. 11-mercaptoundecanoic acid (MUA), all  









MgCl2·6H2O, AgNO3, Na4P2O7 ·10H2O) and other chemicals were purchased from 
Sigma Aldrich unless otherwise noted. UV-vis spectra experiments were carried out on a 
SHIMADZU UV-2450 spectrophotometer. 
4.2.2 Preparation of gold nanoparticles and MUA-modified nanoparticles. Gold 
nanoparticles (diameter ~14 nm) were prepared by the citrate reduction of HAuCl4.[21] 
Typically, a 5 mL of aqueous solution of sodium citrate (1 w %) was added to a boiling 
solution of HAuCl4 (50 mL, 1 mM). After the color of the solution changing to red, the 
reaction mixture was allowed to reflux for 20 min. The resulting mixture containing ~10 
nM of gold nanoparticles was then allowed to cool to room temperature and degassed by 
nitrogen before subsequent reactions.  
MUA-modified gold nanoparticles with carboxylate groups were prepared by 
chemisorption of 11-mercaptoundecanoic acid (MUA). Typically, in a 2 mL microtube, 
450 μL of colloidal gold nanoparticle (~10 nM), 450 μL of Tween 20 (0.5 mg/mL in 10 
mM Tris-HCl buffer, pH 7.5),[22] were mixed together. After standing for 20 min, 100 
μL of MUA (5 mM) was added in. The mixture was allowed to shake gently in room 
temperature for 4 h for chemisorptions of MUA. The resulting MUA functionalized gold 
nanoparticles were purified by centrifugation (16,000 rpm, 10min) to remove excess 
reagents and redispersed in 1 mL of 10 mM Tris-HCl buffer solution for three times. The 
particle solution was stored at 4°C for future use. 
4.2.3 ALP assay. The ALP assays were carried out in 10 mM Tris-HCl buffer (pH 7.5) at 
room temperature. For the real time assays, the UV-vis absorption was recorded with 
certain time interval. A typical procedure was conducted as follows: first, 80 μL of 




Subsequently, PPi solution was introduced to dilute the solution, followed by the addition 
of Cu
2+
 solution. This mixture was incubated for 15-min at room temperature. A red to 
blue color response could be observed if the PPi solution was not enough added, which 
was mainly due to the chelate effect of Cu
2+
 with carboxylic groups on the surface of 
gold nanoparticles. However, if more PPi solution was introduced, no color change was 
obtained. Another freshly prepared 200 μL aliquot of MUA-GNP/ Cu2+/PPi solution was 
incubated at room temperature, and then it was quickly pipetted into a curvette containing 
a microliter range aliquot of the ALP solution and the UV-vis spectra of the solution was 
measured every 2 min at the beginning and 5 min a bit later as a function of time. 
 
4.3 Result and Discussion 
4.3.1 Cu
2+
 assay. As a proof-of-concept experiment, the MUA conjugation was first 
carried out by adsorption of 1-mercaptoundecanoic acid (MUA) to sodium citric 
stabilized gold nanoparticles (~14 nm). The conjugated nanoparticles showed no 
noticeable shift in the surface Plasmon band in the absorbance spectrum. The 
MUA-modified nanoparticles were then incubated with different concentration of cupric 
chloride solution for 5 min. As anticipated, particle aggregation was observed for the 
sample containing certain amount of Cu
2+
 (Figure 4.1a). In the UV-vis spectrum, the 
plasmon absorption shifted from 525 to 570 nm and broadened in comparison with the 
dispersed nanoparticle solution (Figure 4.1b).   
To determine if the detection system would provide selectivity for Cu
2+
 over other 
metal ions, we tested the response of a variety of metal ions including monovalent ions 
(K
+



















Figure 4.1 (a) Color response of a 14-nm nanoparticle detection system (~2 nM particles) 
in the different concentration of Cu
2+
 (0, 20, 40, 50 μM) (b) The corresponding UV-Vis 




Results from trials showed that no noticeable particle aggregation was observed when 
other metal ions were introduced to the nanoparticle solution (Figure 4.2). The addition 
of Cu
2+
 to the particles led to the gradual shift in the absorbance band. The remarkable 
degree of detection specificity can be attributed to the strong chelate effect of carboxylic 
acid group to cupric ions.  
4.3.2 PPi assay. The aggregation between MUA-modified gold nanoparticles can be 
prevented by PPi due to complex formation between PPi and cupric ions. Specifically, 
the color response of particle solutions containing 1.2 nM MUA-GNP and 50 uM Cu
2+
 in 
Tris-HCl buffer (10 mM, pH 7.5) with PPi ranging from 0 to 50 μM was tested. As can 
be seen, a gradual, visible color change from blue to red with increased PPi content was 
observed (Figure 4.3a). The UV-vis spectra below also indicated that aggregation was 
disrupted by Cu-PPi complexation (Figure 4.3b). 
4.3.3 ALP assay. Introduction of ALP into solutions that contain MUA-GNP, Cu
2+
, and 
PPi initiates hydrolysis of PPi and gradually induces the particle aggregation. A typical 
UV-vis spectra change was observed during ALP assay carried out in Tris-HCl buffer (10 
mM) solution at room temperature (Figure 4.4a). Firstly, no redshifts was observed from 
the solution containing 1.2 nM MUA-GNP and 40 uM PPi by the addition of 50 μM Cu2+ 
in Tris-HCl buffer (10 mM). Secondly, following addition of 0.1 U ALP to the solution, 
hydrolysis of PPi was signaled by the shift of the absorbance with increasing incubation 
time. The absorbance spectra redshifted because free Cu
2+
 which is produced as a result 
of the ALP-catalyzed PPi hydrolysis interacted with MUA-GNP, resulting in aggregation 
of particles. 








Figure 4.2 (a) UV-Vis spectra of the detection system (~2 nM particles; 50 μM Cu2+; 40 
μM PPi) in the presence of various cations (50 µM). (b) Top: colorimetric response of the 
particle solutions containing different cations. Bottom: the corresponding UV-vis 
absorption ratio of the particle solution at 570 to 525 nm as a function of different cations 





Figure 4.3 (a) Color response of a 14-nm nanoparticle detection system (~2 nM particles, 
50 μM Cu2+) in the different concentration of PPi (0, 10, 20, 30, 40, 50 μM) (b) The 
corresponding UV-Vis spectra of the particle solutions (inset is the UV-vis absorption 





colorimetric sensor as a real-time assay for ALP activity, several different enzyme 
concentrations were used to study the ALP-catalyzed hydrolysis of PPi as a function of 
time. These real time assays were conducted with 50 uM Cu
2+
 and 40 μM PPi at room 
temperature in 10 mM Tris-HCl buffer. The absorbance ratio (A570/A525) change for 
solutions with 5 different ALP concentrations ranging from 0.008 U to 0.082 U was 
monitored as a function of time. As expected, the ratio increased with the increasing 
concentration of ALP, subsequently leading to a color response from red to purple 
(Figure 4.4 b&4.4c). 
4.3.4 Specificity of ALP assay. To determine whether the MUA-GNP/ Cu
2+
/PPi system 
would provide selectivity for ALP over other enzymes, the response of BSA and a variety 
of enzymes including HRP, MNase, and EcoRI were measured. Results from trials 
showed that no noticeable particle aggregation was observed when other proteins were 
introduced to the nanoparticle solution after a 60 min incubation period (Figure 4.5). In 
these experiments, 50 μM Cu2+ and 40 μM PPi in Tris-HCl buffer solution was assayed 
with enzymes (0.1 U). 
 
4.4 Summary and Prospect 
In conclusion, we have presented a rapid colorimetric method, based on 
MUA-modified nanoparticles and cupric ions, to detect alkaline phosphatase activity in 
real time under physiological conditions using the enzyme’s natural substrate, PPi. The 
assay uses substrate in the micromolar concentration range and shows utility for rapid 
ALP sensing at low nanomolar concentration with relative good specificity. The high 




potential applications in the monitoring and detection for pyrophosphate ions and 
phosphatase in complex settings. We envision that the design of the detection system may 
lead to new methods for the study of the physiological role of ALP in vivo and also can 
be extended to other types of functional nanomaterials such as luminescent quantum dots 






Figure 4.4 (a) UV-Vis spectra of the detection system (~2 nM particles; 50 μM Cu2+; 40 
μM PPi) in the presence of ALP (0.1 U) as a function of time.  (b) The UV-vis 
absorption ratio of the particle solution at 570 to 525 nm as a function of time in the 
presence of various concentration of ALP (0.008, 0.025, 0.049, 0.066, 0.082 U). (c) The 
corresponding colorimetric response of the particle solutions in the presence of various 






Figure 4.5 Specificity of ALP assay. Different UV-vis absorption ratio at 570 nm to 525 
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Chapter 5: Synthesis of Water-soluble Upconversion Nanoparticles for 
Cobalt(II) Detection in the presence of Ethylenediamine 
 
5.1 Introduction and Motivation 
Cobalt is an essential element and playing an important role in human bodies. It was 
used to be barely concerned in environmental researches. However, some recent research 
reported that the increase concentration of serum cobalt was etiological toxin and would 
lead to carcinogenic effects.[1] In addition, the rapid development of metallurgy induced 
a steady increase of cobalt in the surficial environment.[2] Therefore, it is important to be 
able to monitor the trace levels of cobalt in environment samples in real time. 
Conventional methods for cobalt determination include spectrophotometry,[3] atomic 
absorption spectrometry (AAS),[4–6] inductively coupled plasma mass spectrometry 
(ICP-MS),[7-8] and voltammetry.[9-14] Nevertheless, AAS and ICP-MS are either time 
consuming or relatively high cost. Voltammetry is a convenient, quick and sensitive 
method. Unfortunately, this method usually uses noxious mercury film electrodes. A few 
organic ligands also have been reported for detection of cobalt, such as 
5-methyl-3-formylpyrazole-N(4)-cyclohexylthiosemicarbazone,[15] 2-aminocyclopent- 
ene-1-dithio-carboxylic acid,[1] methyl thymol blue,[16] dimethyl-glyoxime,[17] furil 
dioxime,[17] benzil dioxime,[18] and nioxime.[19] Despite their usefulness, these 
organic fluorophores, however, are unsuitable for long-term assays due to 
photobleaching. 
The use of lanthanide-doped upconversion nanoparticles (UCNPs), which convert 




cobalt monitoring. In contrast to organic fluorophores, UCNPs have several outstanding 
features: (i) they show a sharp emission bandwidth, long lifetime, tunable emission, and 
low cytotoxicity;[37-38] (ii) they provide high photostability and thermal stability and the 
NIR-excitation technique features nonblinking;[39] (iii) nonautofluorescence assays, 
resulting in significantly improved signal-to-noise ratios. These advantages make the 
UCNPs particularly attractive for sensing and detection.[40-64] 
In this study, we discovered that the upconverted luminescence could be effectively 
quenched by Co(en)3
3+
 complex formed in aqueous upconversion nanoparticle solution. 
Co
2+
 first reacted with en to form Co(en)3
2+
. It should be mentioned that Co(en)3
2+
 can be 
easily oxidized to Co(en)3
3+





 is -0.2 V, far less than that of O2/H2O (0.93 V, calculated according 
to the Nernst Equation at pH 9.0). The absorption band of resulting complex Co(en)3
3+
 
overlaps the emission bands of UCNPs, thus the complex could quench the upconverted 
emission. On the basis of these findings, we proposed a hybrid system, based on 
acid-capped UCNPs, for rapid screening and quantification of Co
2+
 levels occurring in 
water samples (Scheme 5.1). 
 
5.2 Materials and Methods 
5.2.1 Materials and Characterization.  Y(CH3CO2)3•xH2O (99.9%), 
Yb(CH3CO2)3•4H2O (99.9%), Tm(CH3CO2)3•xH2O (99.9%), NaOH (98+%), NH4F 
(98+%), 1-octadecene (90%), and oleic acid (OA) (90%), 3-Aminopropyl- 
trimethoxysilane (APTES, 98%), succinic anhydride, ethylenediame and all inorganic 











MgCl2·6H2O, AgNO3, Ni(NO3)3, CoCl2) were purchased from Sigma-Aldrich and used 
as received without further purification. 
TEM measurements were carried out on a JEL-1400 transmission electron 
microscope (JEOL) operating at an acceleration voltage of 100 kV. Powder X-ray 
diffraction (XRD) analysis was carried out on an ADDS wide-angle X-ray powder 
diffractometer with Cu Kα radiation (40 kV, 40 mA, λ=1.54184 Å). X-ray photoelectron 
spectroscopy (XPS) spectra were performed with a Phobios 100 electron analyzer 
(SPECS GmbH) equipped 5 channeltrons, using an unmonochromated Mg Kα X-ray 
source (1253.6 eV). UV-vis transmission spectrum was recorded on a SHIMADZU 
UV-2450 spectrophotometer. Fourier transform infrared (FT-IR) spectroscopy spectra 
were obtained on a Varian 3100 FT-IR spectrometer. Upconversion luminescence spectra 
were obtained with a DM150i monochromator equipped with a R928 photon counting 
photomultiplier tube (PMT), in conjunction with a 980 nm diode laser. 
5.2.2 Synthesis of β-NaYF4:Yb/Tm (30/0.5 mol%) Core Nanoparticles. In a typical 
experiment, to a 50 mL flask containing oleic acid (3 mL) and 1‐octadecene (7 mL) was 
added a water solution (2 mL) containing Yb(CH3CO2)3 (0.12 mmol), Y(CH3CO2)3 
(0.378 mmol) and Tm(CH3CO2)3 (0.002 mmol), The resulting mixture was heated to 150 
o
C for 1 h to form lanthanide oleate complexes and then cooled down to room 
temperature. Subsequently, a methanol solution (5 mL) containing NH4F (1.6 mmol) and 
NaOH (1 mmol) was added and stirred at 50 
o
C for 30 min. The reaction temperature was 
then increased to 100 
o
C to remove the methanol from the reaction mixture. Upon 
removal of the methanol, the solution was heated to 290
 o
C and maintained at this 




room temperature. The resulting nanoparticles were precipitated out by the addition of 
ethanol, collected by centrifugation, washed with ethanol for several times, and finally 
re‐dispersed in 4 mL cyclohexane. 
5.2.3 Synthesis of NaYF4:Yb/Tm@NaYF4 Core-Shell Nanoparticles. The core-shell 
nanoparticles were synthesized according to a literature procedure.[66] To a 50-mL flask 
containing oleic acid (3 mL) and 1‐octadecene (7 mL) was added a solution (2 mL) of 
Y(CH3CO2)3 (0.2 M) in DI water. The mixture was then heated to 150 
o
C for 1 h with 
magnetic stirring and then cooled down to 50 
o
C. NaYF4:Yb/Tm core nanoparticles in 4 
mL of cyclohexane were added along with a 5 mL methanol solution of NH4F (1.6 mmol) 
and NaOH (1 mmol). The resulting mixture was stirred at 50 
o
C for 30 min, at which time 
the reaction temperature was increased to 100 
o
C to remove the methanol. Then the 
solution was heated to 290 
o
C under an argon flow for 1.5 h and cooled to room 
temperature. The resulting nanoparticles were precipitated out by the addition of ethanol, 
collected by centrifugation, washed with ethanol for several times, and re-dispersed in 
cyclohexane. 
5.2.4 Preparation of Hydrophilic NaYF4:Yb/Tm@NaYF4 Core Shell Nanoparticles. 
Firstly, a stock cyclohexane solution (1 mL) of the as-prepared oleic acid-capped 
NaYF4:Yb/Tm@NaYF4 coreshell nanoparticles (100 mM) was mixed with ethanol (1 
mL). After centrifugation, the particles were re-dispersed in 1 mL ethanol. Secondly, 
added 1mL HCl (2 M) solution into the above solution.  The resulting mixture was 
sonicated to dissolve the particles, followed by centrifugation and re-dispersion in 1mL 
DMF. Thirdly, the DMF solution (1 mL) was mixed with another 9 mL DMF containing 





C for 15 min and cooled down to room temperature. At last, succinic anhydride (200 mg) 
was added into the solution and the mixture was kept stirring for 24 h. The product was 
collected by centrifugation and washed with deionized water. The as-obtained 
acid-capped nanoparticles were re-dispersed in deionized water (2 mL) and stored at 4 
o
C 
for further use. 
5.2.5 Sensing procedure.  The UV-vis spectra were done as follow: First, 20 µL Co
2+
 
(0.1 M) was mixed with 60 µL deionized water. Then 120 µL ethylenediamine solution 
(0.1 M, in deionized water) was added to the mixture and incubated for 10 min. 
Thereafter the solutions were scanned to record the absorption spectra. The luminescence 
quenching assays were conducted by the following procedure. Typically, 5 µL of 
acid-capped UCNPs solution was mixed with 0-10 µL Co(en)3
3+
 complexes. Then the 
mixtures were diluted to 200 µL using deionized water and the luminescence spectra of 
solutions were measured after 10 min incubation.   
 
5.3 Results and Discussion 
The synthesized NaYF4:Yb/Tm UCNPs were capped with a layer of hydrophobic 
oleic acid molecules on the surface. These particles are not water-soluble because there 
are no hydrophilic functional groups (such as NH2 and COOH) on their surface. 
Therefore, surface modification is necessary if the particles are appropriate for biological 
detections. An alternative is to coat a thin layer of silica shell onto the surface of particles. 
By using of APTES, amino-terminated surface of UCNPs could be achieved. Further 
functionalization with succinic anhydride, acid-capped surface of UCNPs can be acquired. 





Figure 5.1 Corresponding TEM images of (a) OA‐capped and (b) acid‐capped 





water to form a colloidal solution. From TEM images before and after surface 
modification of UCNPs, it can be observed that the as-prepared acid-capped UCNPs 
coated with a very thin layer of silica were well dispersed in aqueous solution (Figure 
5.1).  
To verify the successful modification of amino and acid groups onto the surface of 
particles, the two particles were analyzed by FT-IR spectroscopy, respectively. As can be 
seen from FT-IR spectroscopy of amino-modified UCNPs (Figure 5.2), a strong 
transmission band in the region around 1095 cm
-1
 can be attributed to the symmetrical 
stretching vibration of the Si-O bond, suggesting that the UCNPs are coated with a layer 
of silica. The bands appear at 3421 and 1634 cm
-1
 in the spectrum due to the amine 
group’s stretching and bending vibration, respectively. After succinic anhydride reaction, 
two new raised peaks at 1557 and 1469 cm
-1
 in the spectroscopy is attributed to the 
asymmetric and symmetric stretching vibrations of carboxylic group (-COO), severally. 
In addition, the asymmetric and symmetric stretching vibrations of the methylene group 
can be observed at 2918 and 2850 cm
-1
 in the spectrum correspondingly (Figure 5.2), 
which are assigned to the hydrolysate of APTES and succinic anhydride. The peaks at 
2918, 2850, 1634, 1557 and 1469 cm
-1
 together prove the silica-coated UCNPs have been 
functionalized with acid groups. To further confirm the surface modification, XPS 
analysis was carried out to characterize the elements of the UCNPs. Silicon signals 
assigned to the silica shell was detected by XPS (Figure 5.3). From the FT-IR spectrum 
and the XPS analysis, it can be certified that the surface of NaYF4:Yb/Tm UCNPs have 
been successfully acid-functionalized. 





Figure 5.2 Corresponding FTIR spectra of amine‐capped (top) and acid‐capped (bottom) 





coordinated with ligands.[67-68] When coordinated with ethylenediamine, different 





formed aggregation due to the alkali environment caused by ethylenediamine. 
Interestingly, a strong absorption band around 350 nm arises when Co
2+
 mixed with 
ethylenediamine, which makes it a suitable energy acceptor or quencher in the 
FRET-based assays. Furthermore, no noticeable absorption was detected from other 
complexes (Figure 5.4b). Meanwhile, three strong luminescent emission bands of 
acid-capped UCNPs suspension at 290, 343 and 356 nm are observed (Figure 5.4c). 
These bands overlap well with the absorption band of Co(en)3
3+
 complex, thus making 
luminescence resonance energy transfer (LRET) between acid-capped UCNPs (donor) 
and Co(en)3
3+
 complex (acceptor) possible. 
On the basis of above principle, acid-capped UCNPs can be utilized to determine 
cobalt ions in water samples. When various amount of Co(en)3
3+
 complex was added into 
the particles solutions, the emission intensity of UCNPs decreased with the increasing 
concentration of complex content. However, the emission bands around 290 and 343 nm 
were quenched more dramatically compared to other emission bands, suggesting that 
LRET occurred between acid-capped UCNPs and Co(en)3
3+
 complex (Figure 5.5a). The 
quenching effect was related to the concentration of Co(en)3
3+
 complex in the mixture. 
When more Co(en)3
3+
 complex was added, there was more energy acceptors that would 
absorb the luminescence emission around 290 and 343 nm, which in turn caused more 
quenching of luminescence intensity around this area. The linear relationship between the 
relative luminescence intensity quenching (I290/I800, I343/I800, I474/I800) and the amount of 
Co(en)3
3+





Figure 5.3 Corresponding EDX spectrum of the NaYF4:Yb/Tm@NaYF4 core‐shell 






Figure 5.4 (a) color response of different metal ions incubated with ethylenediamine. (b) 
UV-vis absorption spectrum of various metal ions incubated with ethylenediamine. (c) 
Upconversion emission spectra of core-shell NaYF4:Yb/Tm@NaYF4 nanoparticles 





background signal by NIR excitation, this method has a low detection limit of 17.3 µM 
(~1 ppm).  
The detection specificity was investigated under the same conditions using different 
metal ions. As expected, this unique luminescence quenching is highly selective toward 
Co(en)3
3+
 complex relative to other metal-ethylenediamine complexes. This investigation 























) did not lead to notable optical responses 










 cannot form complexes with 













 can form complexes with en, these 
complexes have no absorption overlap in this region. 
 
6.4 Summary and Prospect 
In conclusion, we have developed a novel method through use of acid-capped 
upconversion nanoparticles for rapid screening of cobalt ions in aqueous solutions by 
virtue of cobalt-ethylenediamine complexing. These findings are important not only for 
enabling promising applications in the detection of cobalt (II) with a low detection limit 
but also for providing a sensor platform useful for the simultaneous determination of 








Figure 5.5 (a) Upconversion emission spectra of core-shell NaYF4:Yb/Tm@NaYF4 
nanoparticles with various concentrations of Co
2+
 ions.  (b) Plots of the relative 
luminescence intensity ratio (I343nm/I800nm, I290nm/I800nm, I474nm/I800nm) against the Co
2+
 
concentration. (c) Upconversion emission spectra of core-shell NaYF4:Yb/Tm@NaYF4 
nanoparticles with various metal-en complexes. (d) Photoluminescence response of 
NaYF4:Yb/Tm@NaYF4 nanoparticle solutions in the presence of various metal-en 
complexes (1 mM each). The photoluminescence response was evaluated by calculating 
the change in the relative luminescence intensity ratio (I343nm/I800nm) of acid-capped 
nanoparticles. The spectra were recorded under excitation of a 980-nm laser at a power 
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CHAPTER 6: Conclusions and Future Works 
 
In this thesis, we have developed diversified novel and practical biosensors, which 
consisted of transducers (nanoparticles) and probes (oligonucleotide, organic molecules 
or enzymes). These biosensors have been utilized to detect various chemical and 
biological targets (e.g., metal ions, DNA sequences, small organic molecules and 
enzymes).  
In most parts of this thesis (from Chapter 2 to Chapter 5), we focused on gold 
nanoparticle-based biosensors. In Chapter 6, we provided a prototype of upconversion 
nanoparticle-based biosensor. The major findings of this thesis study involve several 
aspects: 
Firstly, we presented a rapid colorimetric method, based on EcoRI-modified 
nanoparticles and DNA sticky end pairing, for magnesium ion detection. When combined 
with the scanometric technique, this method can detect the presence of Mg
2+
 at 
concentrations as low as 0.1 μM. More interestingly, the EcoRI-modified nanoparticles 
showed utility for fast PPi sensing over a variety of potentially interfering anions. The 
high selectivity and excellent stability of the particle system should enable a broad 
spectrum of potential applications in the monitoring and detection for magnesium and 
pyrophosphate ions in complex settings. We also envision that the design of the detection 
system can be extended to other types of functional nanomaterials such as luminescent 
quantum dots and upconversion nanoparticles. 
Secondly, we demonstrated a straightforward platform for rapid determination 




conditions that compatible with particle probes, it offered a convenient way to detect the 
effect of sunscreen which could be extended to all commercial sunscreen. Importantly, 
the approach can be readily applied to a rich variety of different particle probes, which 
include magnetic, semiconducting, and lanthanide-doped nanoparticles. Ongoing efforts 
in our group seek to further develop this approach by expanding the reaction scope to a 
broad range and coupling it with luminescent upconversion nanoparticles for improved 
sensitivity and multiplex capability. 
Thirdly, we discovered colorimetric enzyme assay, based on MUA-modified gold 
nanoparticles and cupric ions, to determine the activity of alkaline phosphatase in real 
time under physiological conditions using the enzyme’s natural substrate, PPi. The assay 
used substrate in the micromolar concentration range and showed utility for rapid ALP 
sensing at low nanomolar concentration with relative good specificity. The high 
selectivity and excellent stability of the particle system should enable a broad spectrum of 
potential applications in the monitoring and detection for pyrophosphate ions and 
phosphatase in complex settings. We envision that the design of the detection system may 
lead to new methods for the study of the physiological role of ALP in vivo and also can 
be extended to investigate other types of biological enzymes. 
Finally, we exhibited a novel method based on acid-capped upconversion 
nanoparticles for fast screening of cobalt ions in aqueous solutions by virtue of 
cobalt-ethylenediamine complexion. This finding is important not only for enabling 
promising applications in the detection of cobalt(II) ions with a low detection limit but 





In conclusion, the NP-based biosensors can present rapid, sensitive, accurate, and 
stable measurements, which offer new opportunities for the development of biosensing 
capabilities. As the transducer of a biosensor, nanoparticles have gained much attention 
due to their specific properties, which can be developed into various signal reporters such 
as optical, electrochemical, and magnetic reporters. Besides, as the probe of a biosensor, 
oligonucleotide, small organic molecules and enzymes can provide various recognition 
elements with specific peculiarities. It is now only a matter of time before this technology 
translates into commercial products. 
 
 
 
 
